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Preface 


This book is designed especially for students en 
roUed in the first term of a tsvo-term course in Physical and His 
torical Geology, .\nother editon. Geology and Man. which include 
a four-chapter section on Historical Geology , by Russell Husses. i 
prepared for students taking a single comprehensive course in geol 
ogy. I have attempted particularly to emphasize the effects tha 
geologic prcfcesses, acting both in tlie past and in the present, hav i 
had upon mankind. Therefore. Physical Geology and Sian include 
not only a study of the geologs of various mineral resources, and ar 
analysis of physiography’s controlling influence on man s activities 
but it also provides longer than usual accounts of the effects of sucl 
catastrophic geologic agents as floods, hurricanes, volcanic explo 
sions, and earthquakes. 

A logical, though rather unorthodox procedure 
is the inclusion of a separate chapter, Direct Action of Gravity, whicl 
describes and analyzes the various kinds of mass movements ant 
topographic features produced mainly bv gravity. Ordinarily, book 
on geology cover this topic in a chapter on ground water, evei 
though ground water had little or nothing to do with tlieir origii 
or development. 

Little attempt has been made to give student 
an acquaintanceship with minerals bv means of the ssTitten svort 
because these fundamental units in the architecture of the earth 
crust must be seen and handled. If no provision is made for labora 
tory exercises or field work, the instructor should at least pros id( 
specimens of the common rock-forming minerals and of the mos 
abundant ore-minerals, and call the students’ attention to the diag 
nostic properties of each. 


During the period that this book has been it 
preparation (several years) mans people have given generously o 
their time to read the manuscript critically or to locate suitable illus 
trations. To each of the following; the late Kate Stevens. Jam 
Plummer, R. C. Moore, R. M. Drever, H. Schoewe, H. T. L' 
Smith, J. Hoover Mackin. Kirk Bnan. J. T. Wilson. M. W. Senstius 
Qaude Hibbard, T. S. Lovering, A. J. Eardley, Helen Foster. G. .M 
Stanley, and N. E. A. Hinds, and especially to mv wife, Susan Bead 
Landes, I owe much for valuable criticism and suggestions. 

. Acknowledgment is made w ith each iiluMO^ioa 

but m addition to these terse credit lines I want to thank 
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itor for his help. An unusual number of excellent photograplB 
ijisen bv Nf. Denns of the Department of Mineralogy, Uni- 
t\ of Michiijan. b\ m\ associate at tlie Universits’. R. C. Hussey, 
hs the I'nion Pacihc Railroad. John Jesse Haves not only made 
iravs ings but also ser\ ed as illustrations editor for the entire text. 

Kenneth K. Landes 
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CHAPTER 


1 


The Science of Geology 


The LlTEHJKl DEFINITION <>F CFOUH.V 

‘'earth science/’ It is a histor> of the earth and of its plant and amina 
life. It includes a study of al! earth materials and the Uncvs and 
processes which have affected them during the long c ourse of cart 1 1 

history. 

Relationship betict'en geo/ogy and odwr scieficts. I he 
division of knowledge into separate sulyjecis is largely an arhiirars 
procedure, for there arc no fixed boundaries bet\yeen the variou? 
fields of thought. Geology merges in \arious directions with othei 
sciences. The origin of the earth, for example, is a phasi" of geologic 
study, but the origin of the various members of the solar sNsicin 
which includes the earth, lies in the field of astronomy. The material: 
composing die earth are chemical elements and comfxiunds. and tin 
science of inorganic chemistrs had its bc'jiinnings in the study of tht 
comjXKition of minerals. The geological fortes acting within, and al 
the surface of, the earth follow physical laws, and the analvsis of tht 
mechanics of these processes overlaps the field of phvsics. The studs 
of the past inhabitants of the earth is a branch Ixith of biologv and 
geology. The study of man and his epoch of earth history is carried 
on by geologists, anthropologists, and ethnologisu. and the fina 
chapter in the geological past includes subject matter considered ir 
the field of human history. The geologist engaged in the cxploita 
tion of mineral deposits finds that the lasvs of economics determint 
whether or not the deposits are of commercial value. 

Divisions of geology. Geology , like the other sciem es 
has been divided into various helds. and most geologists are sfici lal 
ists in one or more subdivisions. The physical geologist, or phvsiog 
rapher, investigates the work done on or near the surface of tin 
earth by wand, water, ice, and other agents. The rocks of the earth’: 


1 



n! j\\ e\aniiiU'd h\ pctru'^raphcrs: the minerals within the rocks 
niiiKialo'TiNts, 'Tin. studv of the origin and eailv stages of the 
[i:, anil ot the relationship bet\\‘cen the earth and the rest of the 
o. v\^tolrl. IS rile woik -'t the (tismogonist. Earth histoiv since the 
:inning of tlie lock record >rudied bv the straiigraplier. a spe- 
!!^t in deciphering the record, and bv the paleontologist, who 
L es the evolution of life upon the earth by means of fossils buried 
the rocks. The application of geolog\ to the search for valuable 
nerals. and to other practical activities, is the field of the economic 
)logist. 

O 

Historx of geology. The histor\- of geology-, like that 
other branches of learning, deals mainlv with contributions made 
the science bv various individuals through the centuries, and also 
th controversial ([uestions about which thinkers argued vehe 
f*ntlv. in some cases for decades, before the weight of evidence 
used the general acceptance of one idea and the abandonment of 
•[losing viets's. 

The older philosophers were "catastrophists,” believing that such 
nd forms as canvons tvere formed bv a sudden yawning apart of 

4 

e eartli s crust. This method of reasoning was C|uite natural, for 
e earh' thinkers li\ed in the Mediterranean area rrhere fwo cacas- 
ophic geologic phenomena, earthquakes and volcanoes, were well 


icnvn. 

Nfodern geologists subscribe to the doctrine of ‘bmiformiurian- 
m," .\ccording to this belief, the geologic agents now in operation, 
tell as rivers, winds, and ocean waves, have been active in the past 
nd have been mainlv responsible for the sculpturing of our present 
jpom-aphv. The acceptance of this doctrine necessitated a great 
1C l ease in our concept of the length of geologic time, which subse- 
uenth teas verified hv detemiinations of the age of certain minerals 

iirough mcth'ids rcccntK dc\eloped. 

Although ilie dot n ine of uniformitarianism is now generally ac- 

epicd i.i r. ilPi- ill." ll'-’ "f gpolugic processes 

0 . tlK surCi.e todav is sieaier than tlie aterage dunng d,e 
sini.' i!,c continents non- stand at a higher average elevation 
i„n tluc did dnviitg the greater part of the past, agents hke grattts 
,„d tnnninv cater, the nt.ast important of the geologte agents^are 
" tUifg at ; higher than average rate todav beeattse of the abun- 

‘"ngie'mnmgof geolo,g,t- thornght no donbt extend far baeh into 
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antiquity, but for this early period there is no record other than 
mvths and legends. From their writings, we knou- that some ot le 
early philosophers of Greece and Rome obsei^ ed contemporarv geo- 
locric phenomena and, in some instances, made conjectures about the 
activity of geologic processes in the past. Aristotle considered that 
earthquakes and volcanoes were closely connected and were due to 
movements of wind within the earth; he believed that the escape ol 
the wind produced the volcanic eruptions. Seneca held that \ olcani( 
eruptions occurred when wind met sulphur and other combustible 
materials, which were ignited by friction. Herodotus noted the great 
load of silt carried by the river Nile and concluded that i's 

the gift of the river’h he recognized that part of Eg\ pt is land madt 
by tlie seaward building of the Nile delta. Fossils of sea shells, em 
bedded in rocks high above the level of the Mediterranean, were 
observed by many philosophers of old and their true origin appre¬ 
ciated. 

During the Dark Ages the development of geologs', along svith that 
of other branches of learning, w'as seriously retarded. For example, 
over a considerable period of time, fossils found above the sea ^cere 
thought to be either freaks of nature or proofs of the Noachian 
deluge- Leonardo da Vinci (1452-1519), Italian painter, engineer, 
inventor, and scientist, was one of the first to recognize their true 
origin. About 150 years later, Nicholas Steno (1631-1687), a Catho¬ 
lic churchman, published the first paper in which any attempt was 
made to decipher the histor)' of the earth from die fossils contained 
in the rocks. Here was the foundation for die science of tjeoloorv . 

O ^ ^ 

At about the same time Rene Descartes (1596-1650) in France, 
teas contributing the first acceptable ideas as to the origins of the 
earth and of the other planets. He believed that tlie eartli tvas formed 
through the cooling of an originally hot gaseous mass like the sun. 
resulting in the solidification of an outer shell over a still-hot core. 
France also produced Lamarck (1744-1829), tvho was the founder of 


invertebrate paleontolog) and one of the originators of the doctrine 
of evolution. 


A German, Abraham Gottlob Werner (1749-1815), greatly influ 
enced geologic doctrine for several decades. He was a gteat teacher, 
and students came to him from many countries. To him m<KJern 
geolog)' owes the fundamental concept that, in any series of horizon¬ 
tal strata, the higher beds were laid down later than the lorccr, and 
in consequence are younger. .\t the same time, howe\ er, W erner 



introduction 


t'u^lu lint prattic;^llv all rocks, including 'granite, ore veins, and 
11 ■ p. Li i[uiates trt)in a iinix crsal sea. He was not a 

axede! . and. i ounliilk iuK his reasoning did not liave the benefit ot 
t obMM\,uion ot \i.'Kanocs. (Teoloitists of \rider experience contra- 
iUlI \V’eincr in this rea.ard. and a controversv wa<>ed lor manv 

. iT 

ns between \\'erner s sui'>p(.)rters. who were known as “Neptun- 
ts. " and the ■‘Wdcanists." who believed that lava, granite, and cer- 



Fie. 1. Sir Ch 


.rU. 1 ^cll (!7^n-lS75) ^sho spread the gospel of uniformitaruntsm. 

B\ ]ohyi Jesse Hayes. 
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am other types of rocks were fonned through tlie cooling and solieh 
ication of molten materials. 

Geolog)^ owes a debt to three Englishmen. Iliuton, Pla\fair. and 
Lyell (Fig. 1) for originating and spreading the doctrine of uni 
formitarianism. James Hutton (1726-179/), a Scot, ^cas first a doc tor, 
later an agriculturist, and at all times a keen obsener of geologic 
processes. He is credited witli originating the doctrine, but his expo¬ 
sition of it was cumbersome, and it remained lor Jolin Phufur 
(1748-1819) to publish a much more readable account of the ' Hut- 
tonian Theors,” which led to its general acceptance. Sir C liarlcs 
Lyell (1797-1875), a widely travelled British geologist, published 
twelve editions of a Principles of Geology and six editions of an Ele¬ 
ments of Geology. The Huttonian doctrines uere incorporated in 
these widely read texts, which carried the message o\ er the tvorld. 

Geology has continued to advance througli tlie acti\itv of manv 
men. In the last few decades it has expanded from a purelv phil(<- 
sophical science to a professional science as well. Although geologv 
W'ill always be a great philosophy, now, in addition, it aids the engi¬ 
neer in finding safe footing for dams, the miner in finding ore de 
fxrsits, the industrialist in discovering new reserv es of petroleum, and 
the farmer in developing underground ivater supplies for irrigation. 

It must not be assumed that all questions in geologv hav e been 
settled and that additional evolution of thought in the subject is not 
possible. Geology’ is a living, growing science, and nianv of its proli- 
lems remain to be solved. As old controversies are settled, new ones 
take their place. The ensuing decades mav not see many notable 
changes made in the branches of geologv concerned with the prot essv > 
that act at the surface and therefore are observ able in their activ ities 
and accomplishments. On the otlier hand, manv geologic phenomena 
originate deep in the earth’s crust, and the hvpotlieses adv anced to 
explain them are based largely or entirely upon indirect ev idenc e. 
New discoveries and new interpretations of evidence will lead tej 
new explanations in the future as in the past. The geolo<n taught 

one hundred yearr hence will no doubi differ in manv rMpl-cs Cron, 
that which we learn today. 

4 

Geology and man. The science of geoloirv is heinu 
used to an increasing extent by people dwelling in ciiilite.1 conn 
mes. and by no means all of this utilization is commercial m , hat ,, 
ter. A knowledge of geologic forces and products leads to a arcatet 
enjovment of one's surroundings. Most of our national parks and 
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inients exhibit a host of geologic features, and for this reason 
saiional Park Service employs geologists to sliow them to the 
sands of visitors. Howes er, a knowledge of geology- can be ap 
I not only in tire regions of magnificent scenery. Any physical 
lonment, no matter how- monotonous it may appear to the un- 
ated, takes on new interest when its geological origin is under- 

1 . 

eology is now used extensively as a means of increasing economic 
th in the search for (H underground water, (2) mineral fuels, 
iiding coal, oil and gas, (3) various other non-metallic minerals, 

L as road materials, clay, sulphur, and gem stones, and (4) de- 
ts of metals. The largest group of professional geologists is em- 
, ed in searching for oil and gas; every- important oil company has 
■olomc staff, and most of the discoveries of oil and gas being ma^ 
av are based on the scientific work of these carefully trained 


tnother practical use of geology is in engineering projects such as 
construction of reservoirs and dams, the curbing of soil erosion, 

I many others. The practical applications of geology are con- 

ered in some detail in the last two chapters. 

Methods of geologic investigation. Geol^ is e^e 

llv a field subiect, for the history' of the earth during the last thorn 

e various ages and t,pes of rocks « ^ ,'ecunaulation 

e soil cover). These maps not only ™ ^.e 

geologic knowledge, but also are of great practtcal value 

arch fo°r valuable mineral deposits. 

rnrV OUtCTOPS ate ICW ana Wiuciy 

in many areas, ^ xnYftified as to how a geologist can 

ence. the layman is m , of the bed rock at every point, 

instruct a map show ing information regarding scat¬ 
he geologist first collects U information is 

^red rock exposures, and then observations as to the posi- 

icking. He visits all outcrops a ^ock 

,on and ement of the various rock bodies 

Id r;;;fbir:cZere:r:.nerarresonrees. The onrerops may 
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be natural exposures along the banks of streams and the flanks u 
hills, or they may be artificial, as are railroad and highway cuts, r<K I 
quarries, and other excavations. Even where the rock itself is t os 
ered with soil, the distribution of the bed rock formations can bi 
accurately mapped under some circumstances. The position of i 
rock that is either less resistant or more resistant to erosion than tlu 
surrounding rocks commonly is shown by a prominent break it 
topography. Gopher holes and ant hills yield many clues as to the 
type of underlying material; vegetation often differs noticeably on 
opposite sides of a hidden contact between two rock formations. 

Geological information regarding more deeply buried rocks m.i\ 
be available from records of mines and drilled wells. Geologists < an 
investigate the rocks exposed in mine workings: the rocks penetrated 
by drilled wells are studied by means of “cuttings” made by the drill 
bit and by “cores” obtained by a special type of drill. Data concern¬ 
ing the deeper rocks can be secured also by geophysical instruments 
such as the seismograph, w'hich makes a record of natural earth¬ 
quakes or artificially developed vibrations. 

In his laboratory, the geologist gives further study to the speci¬ 
mens collected in the field. He examines extremely thin slices of 
rocks and fossils under the microscope. He may make a variet\ of 
physical and chemical tests, in addition to visual and microscopic' 
examinations. By various techniques, fossils, minerals, and rocks are 
identified, and mutual relationships are noted. 



CHAPTER 2 


rth Materials 


Before studying the geologic forces 
[ agents, we must kno^s■ about the materials of the earth on which 
forces and agents act. Earth materials themselves are the results 
geologic processes, and their origins will be discussed in later 
ipters°We are now concerned solely with knowing what they are 

1 where they occur. 


INGREDIENTS OF THE EARTH 
Atoms. The atom is the fundamental unit in the com- 
sition of matter. It is so small that it remains invisible under even 
j highest-powered microscopes. In fact, the smallest visible par- 

le of any substance contains millions of atoms. 

Investigations by physicists during the last (ew decades have shown 
at the atom itself U not a single body but consists of a nucleus 
ound which revolve one or more minute particles known as e K 
rns. The relationship between the electrons and the 
len likened to that of the solar system, in which the relative y 

anets revolve about a central nucleus, the sun. 

Elements. All matter, whether i be the air we 

■eathe the water we drink, the food we eat, the cloAes we wear, or 

rysical or them ical Ldividual never hears 

umber over halt are so rare that the aier „ 

f them. Some elements, such as iron “PP^ , '“y;“„“,,cu®r in 
in be seen and are well known. form; 

aseotis form oiilv. Few elements are „( 

lost of them join with ‘Xo„ lich does not 

atiiral chemical compounds. An example is silicon. 
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cxxmr alone in nature, but, because of its abundance in the coninuiii 
rock-forming minerals, composes over a fourth of the earth s cru^t. 
The accompanying diagram shows graphically the relative abiin- 



Fig. 2. 

dance of the eight principal elements which compose more than 98 

per cent of the earth’s crust. The remaining 87 elements account for 

but 1.37 per cent which is less than the percentage of magnesium 

the least abundant element of the first eight. Only two common 

metals, alummum and iron, appear among the principal elements. 

Cop^, Irad, zinc, tin, and the precious metals are included in the 
relatively insignificant eight)'-seven. 

Hements have the propert> of combining in definite proportions 
with o&er elements to form compounds. Every compound has char- 
actoTstic physical and chemical properties. Compounds are thus 
disd^ished from mixtures, in which two or more substances arc 

. separate identities. .\ir is a 

gaseous mmure of both elements and compounds: watet is a simple 

(H.O) in which the nttio of hydntgen atom, to oxvL 

aicnns IS 2 to 1. * 


i ri I r uuutji 11/ 


Minerals. A mineral is a natural homogeneous sub- 
irce of definite chemical composition and inorganic origin. Most 
nerals are compounds tuo or more elements, but a few, such as 
phuv and name gold, are single elements. Coal and petroleum 
> not minerals, because thev are organic in origin; they are, how- 
?i. refen ed to as mineral fuels" and are included under the broad 

m 'mineral resources." 

Most minerals originate tlirough precipitation from a solution, 
ae solutions that have vielded the great bulk of minerals have been 
asses of hot liquid rock, called magmas, ^\'hen a magma cools, the 
mpounds in solution crystallize into various minerals. Closely re- 
ted in origin are minerals precipitated from hot water soluuons 
at have escaped from a crs stallizing magma. .\5 the solutions move 
atvard and ouncard from the magma they become cooler, and pre- 
pitation takes place. Mineral veins containing econonucallv un- 
ortant deposits of gold, silver, copper, lead. zmc. and^er metals 
re so formed. Large bodies of water on the earth s surface contmn 
lineral matter in solution, and evaporation of Ute water besond the 

uuratton point of the dissolved solids results in then 

:he great beds of salt found in various parts of tire world toda> were 

ormed bv the evaporation of ancient seas and lakes. 

ot all minerals result from precipiution from cooling or e^F^ 
soluuons. At and near dte earth s suAce. 

,v chemical reactions between the atmosphere or 

he nunetals ol rmhs 

rolcanic vapors come into contact tenth ^ 

^Vhen a "^"-^"etra^Tstincre’ pattern. The ea- 
ceptions. are arranged manv vears from studies of the 

istence of diis pattern w as assum i Y^-Jor sections—of minerak. 

behavior of light passing through sh ^ 

^ rShrjt.hfrm.s 

—pLd oi a 

:s:i:;;:es ;::ird:hmte 


anifests 
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Fig. 3. Asbestos, nn uruisu;(I nuinT.il ilut tioj !>c 
woven into fireproof doth. Cnnle lilice . , it. (.,me 
from the Jellre\ Mine. Asbestos, fhelitt. Cntnhsy 
Canadian Johus-ManiiUc (.onifnin\ f nnH'd. 


plete crystals, depending upon the space availalhe ha -io\>tli at i 
time of formation. 

^ ^ 111 1 siii'.;le eleiiienis lo ( m 

plex compounds containing ten or mot e elements, (:ium i, alIs, no 

erals can be classified into various groups, iiit hiding d, the demen 

such as gold, copper, and diamond, dh ,he suiplndes, su, h .,s - ,le, 
(lead sulpliide). and pwite hn.n ,nl|,l„<k,,, ..I 

compounds, (3) die oxides and liidioxido. will, I, ,,i, |,„K, ,,,, 

bauxite {aluminum ore). (4, tin-l.aloid, d,,,l„,a, „ , ,„np,.„n,! 

cIrbotT '' """ 

Of the ,„ "'"S'hi'cs. bora.es, ph,, ,„„l „|„ , 

ar sr,rT‘'"'’ ?■ '1'"“' ... .. 

I.L . 

Innations tv.th other elements,, and one larnllv „l „|„ ... 


^ Ml 
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1 > iTi.ikes up about 60 per cent of the known earth’s crust. Quartz 
1 ..xide of silicon! and the feldspars, along with other silicates 
kd pxToxenes. amphiboles, and micas, constitute about 87 per 
It ,<t the earth's outer shell. 

h i> also possible to classih minerals by occurrence and utilization, 
ajor groupings in such a scheme are (1) the rock-forming minCT- 
and V-' the ore minerals. The Erst group consists mainly of sill¬ 
ies and one oxide, quartz. The dominant constituent of limestone, 
le of the common rocks of die outer earth, howeser. is calcite, a 
rbonate of lime. Ore minerals are those from which the metols of 
inimerce and industrs are obtained. Examples are native gold and 
,nper which are single elements, many sulphides, such as chalco- 
.rite. the leading ore of copper, and hematite, an iron oxide from 
hich most of the world s iron is obtained; malachite, a copper car- 
,.nate: and calamine, a zinc silicate, .\lthough ore minerals o^r 
1 ill of the chemical groups, most metals are obtained from sulphide 
c.po,ils. Notable exceptions are the chief ore minerals of iron and 

in wIhcH iirc oxides. ^ . n 

Minerals plav an important role both geologically and industrially^ 

rhes are essential constituents of almost all rocks that we see m 
.uter part of the earth. Thev undergo changes when acted upon y 

-ealdi. Manv individuals, comn^^ 

i cot,ntrte, 0^,0 « 

ohta.n coveted minem. reaonrees in 

I;:::;:' ,:'""!"'home d.e cou^r. mr man,- cen- 

thev exhib.t "'•*'1 nrdrfniTasu'th.t ^mineral. 

ation in the ptop.rnon ""^^inyar^f, or »hoU, of 
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Earth Materials 

working through a never-ending cycle. The rocks of the 

part of the earth are divided into tliree great classes, igneous, sedi- 

mentary, and metamorphic. 

Igneous rocks, which compose most of the earth, are formed by the 
cooling and consolidation of molten liquids. A well known example 
is basalt, a dense, dark rock formed by the “freezing * of a flow of 
molten lava. However, the most abundant igneous rock is 
which solidifies at moderate deptli belo^v* the surface. Piat ti<alK all 
varieties of igneous rock consist of an aggregate of interloc king < r\s 
tals. The mineral particles are visible in granite, while in basalt 
most, if not all, are invisible to the eye. The compact, dense appear 
ance of basalt may be relieved by conspicuous holes through wliicti 
gas escaped while consolidation was taking place. The holes are espe¬ 
cially common at the surface of lava flows. 

Sedimentary rocks include such well known varieties as sandstone, 
limestone, and shale. Most of these rocks are composed of fragments 
of other rocks and minerals deposited either above or below sea le\ eb 
Some are composed of organic matter, and others are composed ol 
minerals precipitated from waters. Their chief characteristic is a 
layering, knos\m as bedding, due to the deposition of different tvpes 
and sizes of particles at different times as the rock was being built up. 
In most sedimentar\' rocks, the grains are not interhxking. and. al 
though they may be cemented together bv a natural binder, most of 
the sedimentar\^ rocks are inferior to igneous rocks in hardness and 
durability. Sedimentary rocks are the only npes of rock that contain 
fossils, evidence of past life. 


Metamorphic rocks are igneous or sedimentary rocks which ha\( 
been subjected to considerable heat and pressure and acti\e subsur¬ 
face solutions so that the comjxment minerals have re< rv stalli/ecl 
either into the same minerals or, by internal rearrangement, into 

tninerals. The nesv rock is an interlocking aggregate ol 
crystals, as is igneous rock, with comparable hardness and coliesis e 
ness. Recr)'stallization produces a characteristic banding in some 
cases and an exceptional rock cleasage in others. Banded nx ks in 
elude gneiss (pronounced nice ), a coarse-grained rock with the min 
erals arranged in wide bands, and schist (pronounced shisiK in 
which the bands are 6ne. Slate is the outstanding example of a cU i\ 
able rock. A few metamorphic rocks, such as marble, (ret rvstall./<d 
limestone), exhibit neitlier banding nor cleavage, but mcrcU .1 
coarser crystallization of the mineral or minerals initialh 
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Earth Materials 

of two thirds of the earth’s surface by overflowing their basins and 
encroaching upon the edges of the continental platfoiins. 

The highest mountains rise about five miles above the general 
level of the continents, and the deepest depressions on the ocean fiooi 
are about four and one-half miles below the average level of the 
ocean basins. Therefore, the maximum relief (vertical distant e be 
tween highest and lowest points) of the earth's surface is about twelve 
and one-half miles. This figure is so insignificant when (ompart fl 
with the 4,000-mile radius of the earth that if the earth were shrunk 
to the size of a tennis ball, it would be just about as smooth. 

Our first-hand knowledge of the materials composing the litho¬ 
sphere is largely confined to the rocks lying at and near the surfat e 
of the continents. The deepest wells that have been drilled into the 
earth have penetrated only a little more than three miles of (rust, 
the deepest mine less than one mile and a half. Actually, hmvever, 
because of movements within the earth, rocks that have l)een buried 


to depths probably exceeding ten miles have been brought to the 
surface and are available for studv. 

It has been estimated tliat over 75 per cent of the land surfac e is 
floored with sedimentary' rock, and the remainder with igneous and 
metamorphic rocks. If the thin mantle of soil present almost everv- 
where is taken into consideration, the amount of surface wliere ig 
neous and metamorphic rocks are exposed becomes e\ en less. How 
ever, both the soil and the sedimentar\' rocks foi*m an extremely tlun 
skin, beneath which all of the rocks are either igneous or me ta 
morphic. The latter types of rock crop out mainly in mountainouN 
regions, in so-called “shield” areas where the veneer of scdiinentai\ 
rocks has been stripped off by erosion, and where extensi\e plateaus 
have been built up through the solidih ing of countless flcjws (»f lava. 
In North America the coastal plains, the great lowland area drained 
by the Mississippi River and its tributaries, and some of the lower 
mountain ranges, are floored with sedimentary rwks, but the higher 
mountain ranges, the Columbia River plateau of the Northwest, and 
the great shield area extending from the Great Lakes to the An ti.. 
are floored with igneous and metamorphic rocks. 
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CHAPTER 0 


Work of the Atmosphere 


The atmosphere avorks in two princi- 
pal ways as a geologic agent. Its more important activity is rock 
weathering, while its less important but still very' significant acti^ ity 
is the work of the wind.'Rock weathering is a slow and quiet process, 
involving little or no movement of materialT W’inds often are violent 
and do a great deal of work in a brief space of time. They mo\e 
enormous volumes of rock fragments.*The principal result of rock 
weathering is to loosen material so that it can be transported by the 
various agents of erosion—gravity, running water, wind, snow, ice 
and glaciers, lakes, oceans and various kinds of organismsr 

ROCK WEATHERING 

Weathering is the destructive effect which the atmosphere and 

other agents have on the rocks at and near tlie surface of the earth! 

'The atmosphere consists of about 78 per cent nitrogen, an inactive or 

inert gas, 21 per cent oxygen, a small but variable percentage of water 

vapor, and less than 1 per cent carbon dioxide and other gases. Oxv- 

gen has the power to unite with a great many chemical elements, a 

process known as oxidation, which goes on extensively at and near 

the earth’s surface. To attack rock minerals chemically, oxygen, and 

also carbon dioxide, must be dissolved in water. Oxygen and carbon 

ditndde are absorbed by rain as it falls through the atmosphere, and 

by water as it filters through the upper soils which commonly are 

rich in organic matter. Animals and plants produce certain chemical 

impounds during their lives or during decay after death which are 
important in rock weathering/ 

• Weathering takes place as far down into the crust as the water can 
penetrate. The formation of a soil cover does not prevent weathering 
Bf the underlying bed rock, for there are abundant openings within 
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Work of the Atmosphere 

It tvould be diliK ult to ovcvenipliasi/e the iinpoi taiK e m in.in " 
weathering. Without weatiiering. llie suilaee ol tlie eatih u'ui < 
forbidding indeed. The eontineiits would be surl,ued uiih b.ue 
hard rocks, for no soil cover (ould be developed: .nnst(|uemU (Ik 
earth would be devoid of plant and animal lile. Fmiunaieh, h-.v^ 



Fig. 5. 1 urrctcd s])ir^■^ prfHhucd 1)\' luring .md .dMtib; Ijmiii v- i 

tical joints and Iiori/ont;d !.i\ti> of M-dimt iii.n \ km k of uiu tju.ii h ndn- Iw > 
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Fig. G. Weathering and erosion along joint planes in granite; some of the 
joint planes are inclined, as shown by the slope of the mountain face to the left. 
Goatlell, Island of Arran. Courtesy Geological Su)vey and Museum, London. 


ever, rveathering lias been a dominant process throughout known 
geologic time, hence a soil cover has existed almost everywhere. 

'The principal geologic function of tveathering is to make rock 
material at ailable for transportation, the first step in the formation 
of sediment and sedimentary rock. The bed rock is broken into frag¬ 
ments that are motable; and soluble compounds that can be dis-^ 
soh ed and removed by surface and undergiound waters are formed. 
Besides producing the soil upon which the agricultural and lumber- 
in^ industries depend, rock weathering has some other very practical 
rerults Sand, gravel, and clay deposits which we use so much are the 
indirect results of rock weathering. Practically all aluminum ore, 
most iron ore. and some copper ore have been formed through oxi¬ 
dation and other chemical changes taking place at and near the 


earth's surface. 


WEATHERING PROCESSES 


Wc;,tlK-i in,; is atcomplislied by two methods; physical weathering, 
which produ.es d.sin.egration, and chemical weathering, which re- 
suits ,n dcomposttion. In most places, these two processes work to 
aether so that the products ol weathering result from a coinbinat.o 

eratto,,. Dis.ntegration ,s mechanical fragnten 
„( ,„.t into stitaller and s,nailer un.ts wtthout apprecabh 


tr or k of the Atmosphere 




change in chemical composkion. For example, in 

ni-ht and thaws during the dav. Since water expancF a> it cl.ai 
tOK-e. it is capable of producing gieat pressure on tlic mateiui u 
closin- it. In fact, a pressure of about one ton per stp.ai e inch nro 
be exerted on the sunotinding nxk. Thus eac h frec/ing widens >hc 
crack until a block is detached from the cliff Fig. - • The s.imc 
process is repeated in the nxk fragments at the hxit ot the i lilf^ uiitii 
diey also have been split apart maiiN im-re limes. 1 lie ac c umul.itc ai 
of ancrular rock fragments at the foot of a steep slope is kiioun ,o 

"slide rtxk” or talus iFig. 6i. 

Plants and animals are important disintegi ators of i ck k. T lie i o. a^ 
of trees and other plants, grencing in joint cracks or other o[K nuu' 
in rocks, will force bhxks apart. Worms and burrotving animaU 

break up w eak rocks. 

Decomposition. Chemical weathering results in the 
alteration of minerals. ^\ hen ex|>osed to atmospheric attack, movt 
minerals alter bv uniting rcith the accice elements and coni[>ound> 
(oxvgen. carbon dioxide, and water in the atmosphere. .\ purnntx 
iorioinal) mineral alters into one or more ieiondnr\ miner.ils. is hit h 

\ O 



Fig. 7. The aaion of frost in rock weathering The large r*Hk frai:rnenr> ui 
the left foreground, as well as die debris on the 51 ->jk.s. are prtMlua- ..t 
wedging. Carn Dearg Meadhonach. a granite niouniiin in.ir H'ii Nc\.s Inv.j 
nesshire. Courier) Geological Srmev and .Ui/ieiiTn. London. 




•• - ^ A ^ \ r ^ t’ ’ ^ 1*1 i'^ ‘^ •' “5 •“ p^ T i*^ " i'" "i 

\ * *'*AiAW vIIILa ••^4vCX* V--- - ^ -.a1 .1-^4 . 

A 

■ *j:'- d-Uc> > ■■'.iib^e L -!'.:w :'in'id> ’.■.'r.icd 3.rc Lurried a’.^'a^ 
;ndv:v^v i:nd ■‘;a:cr>. C';:c::::^ul cbuniies in ::nncru-> are 
ivd.uicd. ( '\: ■: :.::. r ;> idusirated b^ b.c uni-n ot iron 
viv: -. x’^^en :■ r-■rin ir -n -uxide me ininera: neniaiiie . 
; ^ nil'.' 'll '.‘I e.eii'.enis in a iiiiiieiu* •*. Lar.j',‘n G;.oX' 
.K*'--e^'r "'-><iiwinz a Lavb'Onare. For instance, cop- 
V- L--' --. -■ e ^''-'e^c aite:*' to :n*ecn cor)::^cl car- 

♦ r % ♦ • 


: is 1 \cm LC’nimC'n pttX'css c*! niineraj a-ter 


.L*> - 


:. c‘'e^/:iLad.^. carbon dioxide unites 

Ate ^ ^ ^ V A V- • • 


V ^ ^ 


:,;:n. ^ dmm. "V mimunt in t:ie feldspar to romi a sl-j- 

..'.'Tied a’cav in S‘'.uti''n. Ai me ^arwc mac 
-'- - and siliLa C'l me leldLSpar tc* form .•^aLoin 

;.i^ i-incVAl. Siiue le'vi-p^r i> ii.e mo't abvMid.ini niin- 
- - ■ ■ ' c cart:'.- «. la^ minera-S are cc’inmon at U:e 







23 


Work of the Atmosphere 

which assists in the disruption of rocks. For example, 
rock next to the surface will be the first to decompose; as .t dec 
poses it expands so that it no longer fits tightly against tlie unde.l ■ 
L rock. This will cause it to •'shell off." exiHising the fr«li rock be- 
neath. The scaling off of successive skins is knoum as exfoltalioti, it 

resembles the peeling of an onion. 

Solution. Decomposition processes and percolating 

water work together to produce what is known as solution weather¬ 
ing, or leaching, the removal of soluble substances in the rocks at or 
near the surface. The activity of bacteria accelerates leaching: it has 
been found by experiment that leaching is 53 per cent more efiee ti\c 
when bacteria are present than when conditions aic steiilc. A kw 
rock-forming minerals, such as calcite, are slowly soluble in peno- 
lating water; in such cases decomposition is not a necessary prelude 
to leaching. The pitted surfaces of outcropping limestones arc due 
to solution weathering of calcite. 

*The vulnerability of rocks to the chemical work of the atmosphere 
depends upon several factors, of which the kind of minerals compos¬ 
ing the rock is the most important. Rocks composed of feldspar, cal¬ 
cite or iron-magnesium minerals, which are susceptible to decomj^o- 
sition or solution, are less stable than rocks composed of oilier 
minerals. The character of the minerals cementing the grains of a 
sedimentary rock such as a sandstone controls its resistance lo disin¬ 
tegration. Some mineral cements, like calcium carbonate, are readily 
leached; others, like silica, are as resistant to attack as the sedimentary 
grains of die rock itself. Grain size also is important, lor weathering 
proceeds with greater rapidity in coarser grained varieties of tlie same 
rocks. Therefore, a fine-grained, dense granite or limestone is more 
durable than coarser grained phases of the same rocks. The mutual 
relationship of the individual grains is a further factor. Interlocking 

of crystalline minerals make rocks less vulnerable.* 
Climate is an important factor in rock weathering: a warm, moist 
climate accelerates chemical decomposition. Extreme daily and sea 
sonal variations in temperature aid rock disintegration. TIuis, the 
amount and kind of weathering that takes place depends upon the 
environment of the rocks as well as their composition. It is impos 
sible to list rocks in the order of their resistance to atta< k by tlu* 
atmosphere. One rock might be much more durable than another 
under certain conditions of climate, texture, and strut lure, but 
under different conditions their positions might well be re\ersed. As 



Kjtfoiv^icrrocesses 

a general i ulc. igneous and metamorphic rocks stand up better than 
sedinicntary rocks, but quartzite, a silica-cemented sandstone, is one 
ot the most duvable of rocks. 

RESULTS OF WEATHERING 

Residual mantle. Natural exposures of bed rock are 
common in some areas, but in most places weathering has broken 
down the rock so that it is covered by a veneer of loose material. This 
veneer, or mantle, ranges from a few inches to many feet in thickness, 
depending upon the climate, type of rock, and length of time during 
which undisturbed weathering has gone on. The composition of the 
mantle also depends upon these conditions. Rock surfaces in a desert 
generally are veneered with chips and grains broken from the under¬ 
lyin'^^ rock, while in a more humid regiem there is usually a complete 
oradation down^vard from mantle into solid rock. The term residual 
mantle is used to distinguish weathered fragments in place (Fig. 9) 
from transported mantle which consists of loose materials moved 
from their source. Transported mantle in places blankets the bed¬ 
rock through thicknesses of hundreds of feet. 
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Work of the Atmosphere 

Soil. Soil is that part of die residual or nampirud 
nxk mantle »hich suppom the growth of plants^ It contpnses ch.tih 
more or less finely divided, phvsicallv and ihemicalh .i.terctl r.. 1. 
fragments, togetlier with organic material that has accumulated 

through the gro^s^tli and deatli of mam generations of plants. 

The character of soil in the earlv stages of its evoluiiun depends 
mainlv upon the composition of the parent rock. Soil minerals art 
those which form through oxidation, hydration. carf>onati»»n. and 
leaching of the minerals in the original rock. The extent m tcim ?! 
these chemical processes op>erate is a function of climate, tnpajiap- 
and time. Furthermore, various plants inircxluce new c<unj><*unds 
that additional chemical reactions take place. ConsequeniK oldc! 
"mature/' soils are dependent in character and conip^sition m^it 
upon their environment than up)on the compasiiion of the ori:zinai 
rock- The same kind of rock mav produce totallv different soils 
under dififerent emdronmemal conditions, and converseh. sinul-ir 
emaronments eventually will produce similar soils from nxks quite 
unlike in character. 

Soils also are produced almost entirely bv leaching prcKcsses. F‘>i 
example, limestone, compnased mainlv of calcium carlxjnate. is rela 
tivelv soluble and is gradually dissolved bv percolating water. T u 
impurities wathin the limestone, such as grains of sand, partii ics ot 
clay, and pieces of chert (a white, dense form of cjuart^ are rda 
tivelv insoluble and therefore tend to be left behind. In the region 


bordering the Ozark upland in the states of Missouri and Arkanvi< 
where cherts limestones are abundant, the soil contains large qu oi 
tides of residual chert. Leaching also will cause the reversion »t i 
sandstone into loose sand bv removing the calcium carbonate '»r 
limonite cement which has held tlie sand grains ir>gether. 

Utilization of soil. Soil is essential to the world n 
greatest industry, agriculture. Therefore, its character and evohui**n 
have been the subject of much studv. both bv individual scieniist^ 
and by govemmenul organizations. Where the mantle rock has n*u 
been disturbed, it is possible to ideniih* various lasers of soil ten 
the sur^e and the unaltered bed rock. The soil at the surface is * 4 
course, the oldest of the weathered phases and shows the least sinn 
larity to the source rock; and weathered zones below tlie soil show 
increasing chemical similaritv to the bed rock. 

The top soil layer is the one in which activity of organisms has 
been greatest; hence its fertility is likelv to be greater than that o| 
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louver /Miles. A\'lu‘ic clclovcsiiiiion. 


oxeriJia/ino. (jr iin|)r(j[x-r (ultiva 


(H)ii ha\c- the top soil so that it is blown oi washed awav, 

there is ^reai etoiioniit loss, sinee it will take main seats lor nature 
to make the uiuleilyiiiL^ weathered material capiaiU lertih*. 

r)esides the danoca ol vemoxal ol top soil, the aorii nltui al industrv 
IS als() I tK c d with dcaicsised teitilitx ol mueh ol the* soil lieiause ol 
loo-lono-continued prodm lion ot certain types ot crops, flie (liem- 
ical changes going on xcithin the soil do not end wlien the pioneet 
tanner first [ilows up the \ irgin sod. (chemical ac:ti\ itv ( oniinues. but 
it is controlled to a consideva])le extent by the types ot crops the 
farmer plants, and l)v tlic metliods of tilling he uses. The determina¬ 
tion of the ticst use to winch different types of soil can be put and (ff 
tlic proper treatment of soils. lia\ e been major contributions ol scien 
tific agriculture. 

Gossans. The exposure of minerals in an ore deposit 
to (hemic al weatliering results in the formation ot a ^o^saii. or cap¬ 
ping, of oxidized minerals overlying the unaltered ore body (Fig. 10). 
.A gossan can extend to the deptli of the surlaec of the ground water, 
or xvater talile. Ciossans reach several luindred feet in depth in arid 
regions and are absent in exceptionally humid localities. 
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Fi‘T. 10. The orii.;in of j^ossan. An outcropping quartz vein containing pyritc 
and gold. 1 he pvrite al)o\e the water table is altcicd to liinomtc. Ihe lw'a^y 
o„ld works down the hillside to the stream bed at the bottom. John Jesse Hayes. 
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Limonite (hydrous iron oxide) is tlic coniinonesi oxidized ininci-il 
in most gossans, because of the abundance of pyrite in original oie 
bodies. For this reason the commonest gossans are \ellow or broun 
in color and consist of an earthy intermixture of limonite and <|uai t/. 
Valuable ore deposits, especially those of copper, may underlie limo 
nite gossans that are valueless because the metals (other than iiom 
have been leached away. Many ore bodies have been disco\ered Ijn 

4 » 

sinking a shaft on a gossan and exploring the unaltered ore heiieatli 
In other cases, however, the dej)osit is worthless because tlie undei lv 
ing primar)' minerals are quartz and pyrite only. 

Mineral defiosits formed by u eathering processes. In 
some cases tlie gossans overlying unoxidi/cd ore deposits (ontain 
metallic minerals in sufficient quantities to be exploited. Primary 
minerals containing lead, zinc, copper, and silver oxidize so leadily 
that some gossans contain oxygen-bearing compounds of these metals. 
Such gossans ordinarily are limited in volume: hence mejst iiiines 
exploiting an oxidized ore body soon run out of such material. How¬ 
ever, where the zone of weathering is thick, as in arid regions, and 
where leaching by percolating ground water has not remosed the 
oxidized compounds, mines may operate successfully in the gfissan 
zone for many years. Copper minerals in the zone of oxidatirin art 
especially susceptible to leaching, but the copper in some c ases is 
reprecipitated at lower depths. This process, known as the secondary 

enrichment of an ore deposit, is described in the next chapter si net 
ground w'ater is also involved. 


Weathering has contributed to the formation of other valuable 
mineral deposits, especially ores of aluminum, iron, and manganese. 
These are the leading metallic elements in the earth’s crust, which 
comprises eight per cent aluminum, five per cent iron, and nine- 
tenths of one per cent manganese. Ore deposits of these elements are 
the result of processes which increase the original projiortions. .Sin. e 
such concentration is confined to the zone of weathering. dejMisiis 
formed in this way occur at or close to the surface of the eanh at th. 
tune of their formation, although later they may be burietl bv gre.u 
Sicknesses of rocks. Several other minerals that owe their .x. ui ren.. 
in commercial quantities to weathering are described below 

Clay Decomposition of feldspar into day has alreadv 
^ menuoned. A few rock, consist alm,»t entirely „f re|d,|,.,r 
Wen »uch^ks decompose, high-grade rertdntt/ day detKtsity gelter 
ally result. The best chtnaware clays have this origin. However, the 
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other mineral deposits. Barite, a barium compound 
used for pigments and oUier purposes, is a good example of conc en¬ 
tration by leaching. This mineral usually occurs in thin veins and 
scattered crystals in thick limestone formations. The percentage of 
barite in such deposits is ordinarily too small to pennit profitable 
mining. However, because limestone is relatively soluble, it is sloul) 
dissolved by rain and removed by running water. Barite, on the 
other hand, hea\y and relatively insoluble in surface waters, becomes 
concentrated in the residual mantle. 

Many other minerals are Icxisened and made available for tiansp<jr- 
tation by leaching. For example, gold is separated from its com¬ 
panion minerals and is later transported to a new environment where 
it is often accumulated in sufficient concentration to warrant exploi¬ 
tation. All minerals of placer depKJsits are released from their orig¬ 
inal environment by weathering. 

WIND 

Wind is defined as atmosphere in motion approximately parallel 
with the earth’s surface, and the work it does is, therefore, one of the 
geological activities of the atmosphere. The wind is one of se\ cr.d 
agents that transport material loosened by \\*eathering. It is also a 
destructive force and an agent of deposition. 

Origin of winds. Winds are of two general types, plan¬ 
etary or prevailing winds blowing over great areas of the earth, and 
local winds. Planetary winds blow prevailingly in one direction ex 
cept when interrupted by local winds of greater velocity. Pre\ ailing 
winds are due to the varying degrees of heating of the different lati¬ 
tudinal zones on the earth’s surface. In the equatorial zone the air is 
continually being warmed. As it is heated it expands and rises, and 
cooler air moves into tlie equatorial zone along the surface from the 
north and from the south. The direction and movement of the air in 
this circulation is modified by the rotation of the earth. In the north 

em hemisphere tlie winds are deflected to the right and in the ^oiith- 
em hemisphere to the left. 

Prevailing winds are important geological agents in desert, plateau, 
and plains regions where there are few natural obstacles to retard 
their velocity. Some areas, such as the Great Plains of westaentral 
United States, are so consistently "fanned” by prevailing westerly 
and southwesterly winds Uiat windmills can be operated for da>s at a 
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time Avithoui inteiTuption. The picturesque windmills of the Nether¬ 
lands are turned bv the same westerlies. 

Local winds are due either to differential heating of tlie earth*s 
surface on a lesser scale than world-wide, or to cyclouic storms. The 
ravs of the sun warm the surface of the land more than they do the 

• 4 

waters of lake or ocean, so that during the sunlight hours there is a 
steady movement of air off the water onto the land to take the place 
of tlie heated and expanded air in the latter area. At night, however, 
the temperature conditions are generally reversed and the air moves 
in tlie opposite direction. This same process also acts dirough a sea¬ 
sonal cycle under favorable conditions. For example, southern Si¬ 
beria becomes hotter in summer and cooler in winter tlian die Indian 
Ocean. Therefore, the local winds, known as the mofjsoon winds, 
blow across India from the southwest during the summer and in the 
opposite direction during the winter. Mountainous areas heat faster 
durino- die dav and cool down more at night than adjacent lowlands, 

O' ^ 

so that local tvinds blow up the slope during the day and dosm the 
mountain flanks at night. Sometimes the winds in the upper atmos¬ 
phere, which are the prevailing planetaiy' winds, blow in the oppo¬ 
site direction to those near the ground. 

Cvclonic winds are produced by areas of low atmospheric pressure 

which move at tlie rate of about 700 miles a day from west to east 
in the northern hemisphere. Storm winds are caused by air flowing 
into the low pressure zones. The velocity of these winds depends 
upon the differences in pressure and distances between centers of low 
and hi<xh pressure. The steeper the -gradient,” the faster is the wind. 
Local winds also are capable of both destructive and constructive 

cr cologic work. 

O O 


METHODS OF WITUD WORK 

The wind first picks up a load of rock fragments and other debris 
and then transports and deposits it. Deposition is not necessarily 
final for a particle fine enough to be carried by the wind may be 
picked up. c arried, and dropped many times before reaching a rest- 

incT place secure from further wind activity. . , . , , 

* Source of material. Most of the material picked up by 

the wind IS alreadv Ivmg loose on the earthssurface^Some, however. 

rihrained throuo^h abrasion or wear of exposed rock faces. Vol 
!^nic eruptions also contribute great quantities of finely divided rock 

particles to the moving air. 
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The most abundant loose material at the earth s surface is the rex k 
mantle. Other types are sediment dropped bv preced.n- w.nds. sed. 
mem deposited by streams during high water or bs wases and yu 
rents on lake and ocean beaches, and yolcanic fragments. W ind d.^s 
not moye wet soil and sediment, or soil and sediment protc. ted bs a 
coyer of vegetation: hence the most \ igorous wind er.jsion does not 
occur in humid regions. Where yegetation is scants or absent, as in 
stream beds at time of low water, on beaches, and in other pla, es 
because of destruction bs fire, osergrazing. or tultisation. .ste.idils 
blosving wind dries the loose material at the surface and makes it 

available for transportation. 

Abrasion is wear by rubbing. Winds abrade by blowing vind and 
other rock particles against an exposed surface, such as a r<Kk clilf. 
The particles themselves are reduced in size bv frequent collisinn 
sidth each other and with the bed rexk. \fo\ing air without uxils 
is powerless as an abrading agent, but rock can l>e worn aj>prcriabh 
by sand blown against it. A familiar example of this action is the sand 
blast used in cleaning the walls of buildings and other surfates, C.«Mn 
pressed air blows sand from a nozzle against the stone. The sand grains 
cut into the rock and remoce the grimy surface laser so that under 
lying clean r<xk is expxased. Similar sand blasting takes plac e in 
nature, and exjxased rock surfaces in sands, windy regions are thus 
worn away. The material remosed becomes part of the load <arried 
by the svind. 

Volcanoes eject fine material into the air. both by violent cxplo 
sions which shatter solid rock, and by tlie eruption of molten rr«k 
into the air as spray, ss'hich solidifies into fine panicles of rexk glass. 
Both of these volcanic products are called volcanic ash. 

Transportation. The wind carries its load (1 bv roll¬ 
ing the particles along the surface of the ground, (2. bv intermit 
rendy lifting and dropping the grains so that they move in a sein % 


of jumps, or (3) in suspension in the air. The transporting penver is 
dependent upon ssind velocity , hence the manner in whu h a pat 
dele is carried dej>ends both upon its weight and upon the strength 
of the wind, A violent wind may carry in suspiension a gram vs lo. h 
a gentle breeze can only roll along the surface. Nfanv partid. s ii» 
too heay 7 even to be rolled except during times of higli w ind veha, ir\ 
Essendal for large scale transportation bv rolling are ssinds win. I. 
are &irly constant in direction, a ground surface that is not uxi 
rou^, and an abundant supply of material of tlie right size and 
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eight. As they are mo\ed along, the grains are rounded and worn, 
[id e\ cmually may become small enough to be lifted into the air 
ithout anv increase of wind velocity. 

X'aviations in wind \elocity and direction, due in part to irregu- 
irities of the ground surface ichich produce local upward currents 
f air, cause the rock particles to be transported in a series of jumps, 
►etween jumps the grains may be rolled along the surface or they 
lav remain tv here thev fall until there is another gust of wind with 

/ > o 

Lifficient power to pick diem up. The particles transported in this 
lanner also are ivorn by friction, and eventually they become fine 
nough to remain in the air for longer periods of time. 

The finest dust particles can be carried in suspension. However, all 
k ind-borne sediment is heavier dian air and will settle down onto 
he earth’s surface when the air is not in motion. AVind not only 
noves horizontally, but it may also move upward locally because of 
leflection bv hills and ridges and because of inequalities in the heat- 
no' of the earth’s surface bv the sun. Dust which is fine enough to be 
arried into the upper atmosphere may be transported for long dis- 
ances before the air becomes sufficiently still to pennit settling. 'Ver>’ 
uie \olcanic ash thro\vn out by die volcano Krakatoa in die East 
Indies in 1883 was carried in the upper air currents completely 
iround the world. Dust from the so-called “Dust Bowl of the south¬ 
ern Great Plains of the United States traveled to the eastern seaboard 


in 1934 and in subsequent years. 

Deposition. Deposition of wind-home material takes 

place because of decrease of velocity or change of direction of the 
wind. Particles dragged by the wind will come to rest when an ob¬ 
stacle such as a rock, shrub, fence, building, or hill is encountered. 

Fra^nnents in suspension in the air settle down onto the earth s 
surfa« and increase the quantity of the rock mantle. Because these 
ivind deposits in most places are relatively dun. their quantitame 
importance is not aheavs appreciated. Yet the wind, no doubt, tm.^- 
ports and deposits much more dust each year than it does sand. Even 
in historic tune the fall of dust has been of considerable ma^itu^ 
in nianv regions. At Nineveh. Babylon, and manj other Eastern 
sites mounds which have been practically untouched by man for 
many centuries consist of fine dust and sand gradually drifted b) the 

wind round and os er abandoned cities, and protected and 
b! die^rowth of vegetation. In those arid lands, the air is often 
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laden witli fine detritus, which drifts like snoAc round compiciuuo 

objects and tends to l>ur\' them up in a dii>i diift. 

Of course, tiie sediment that is dropped inav be picked up a^ain 
bv later winds. Fra.rments that ha\e been rolled aloiu ^^nd stopped 
bv an obstacle mav in time completels cover it. and then tlieir on¬ 
ward march will be resumed. Most wind-transported fiaainentN aie 
eventuallv dropped or dri%en into bcxlies of c\ater. addin:^ to tiu 
sediment deposited in beds of streams and on the flo.'is ot laKe>. .o. 
and oceans. Almost equallv effective sanctuary is offered b\ regioio 
covered with abundant vegetation, especially forested area^. 


RESULTS OF JT/VD ETOR^I 

The results of "wind acti\itv include denudation or lotverina of 
land areas, erosional features made bv wind scu'ptuve. and se\erai 

tvpes of sedimentary deposits. 

Deniid-iiion. Denudation is the removal of materia! 

Iving at the surface. The wind is one of se\eral agents perf-Tmine 

this work. \N'ind denudation is known as dt'd>jncr.. A quantitatOL 

estimate of die amount and rate of deflation is difficult to make. 

Geikie- cites an estimate that about eizhz feet of soil has been s^acjm 

•• * 

off the Nile delta during the last 2.6C>0 vears—a rate of nearh ft an 

inches per centurv. He also desc~ribes old fortifications in northern 

China the foundations of tchich have been laid bare bv ^cind erosi* m 

MTien one obsert es the amount of dust diat is borne tlirouo'h die air 

bv a higii wind lasting but a few hours and considers wliat this \ , .i 

time would be over a geologic period millions of vears in length. Ih 

begins to appreciate the importance ot wind denudation. Furdiei 

more, in the earlier geologic periods there was little or no vegctati^*n 

on the land, and the grasses, the most important soil retainers oi all 

did not become widespread until late in geological time. Hen<.c 

wind erosion must ha\ e been far more important in the past than ii 
is todav. 

TI ind sculpture. Abrasion bv the v. ind prtxiiuf. a 
number of curious effects, especially in deserts and other areas 
low rainfall where tire lack of vegetation makes for maxi in uni exi. 
sures of rock su rfaces, minimum impediment to wind \eliH u\ an 1 

Sir ychibilJ. TfM.Ho.yk -f Cf.tor 4th edinon, Vol. 1, pp. aV na 
London: ^facmillan and Compan>. 1903. 

^Gdkie, Sir .\rchibald. oto. Vol i 
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1 aluindant sup]>K <tt tools ' \\ith wliidi the \vincl abrades. Rock 
vbues l)cHoiue polished, pitted, and'i;rooved b\ the grinding and 
tlishing ellett ol wind-driven sand, and individual pebbles may 
i\e tii.ingidar iaees ( ui u[:)on them. 

\\ inds scoop out shallow depressions ("blotvouts”) on tlie earth's 
iriaee. ^vhere the ro( k mantle does not have a protective cover of 
.'getation. Manv small lakes, both intermittent and permanent, lie 
i such Avind-stooped l>asins. 


DEPOSITS 

Wind-blown deposits are part of tlie transported rock mantle. 

'hese dc])osits mav overlie older mantles, either residual or trans- 

orted. or thev may cover bed rock surtaces. Transported mantle, 

. » 

armed bv wind or running tcater, differs from residual mantle in 

liat the material composing it is either stratified, due to the sorting 

(feet of the transporting medium, or is homogeneous in size. 

Dunes. Sand dunes are the best known of the Avind 

leptAsits. They originate because of the-accumulation of sand A\hich 

las drifted along the surface until piled up by an obstruction. The 

and may ha^ e come originally from the banks of a river, the bed of 

i dry water course, a lake or ocean beach, from a desert basin, or it 

nay have been freed by the disintegration of sandstone. Sand dunes 

ne most abundant (1) in desert regions where the dryness and the 

ack of vegetation make an abundance of loose material available, 

(2 ) alon- coasts tvhere a combination of onshore winds and a supply 

of beacirsand is fa^ orable to their groivth, and (3) in the vicinity of 

ri\ers esiieciallv on the leeward side where sand from the river be 

,ncl banks is picked up bv ivinds blowing across the river. River 

dunes are most c.immon where a stream passes through a semi-ari 

lielt and its ivaicr sinks out of sight during dry seasons so that san 

deposited be Hoods is exposed to the wind. Dunes may occur also in 

„pl:„.d nl av cr,,oc .ainfall where sandy smi ,n 

, r -.m u Hid bare by cultivation, buch aunes 

alnlndan, m a,eas of seasonal rains where the surface sod 

.. rst::, i:r:‘r it°hetrf:rLd;.he 

even a house. <^I,,,..,,, eonrinues. so .ha. even.u- 

n,a„v baher .ha,. . 1 . or..ina, ebseme- 
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tion. If the u-ind causes the dune to migtate, the obsuuc tion niav In- 
left behind, perhaps to serve as a nucleus for the Iniilding ol a lu u 

dune at that point. 

Some dunes appear to be stationary, otheis aic luiL^iatniv, 1 
move, of course, in the direction ol the pre\alent winrl. i-oiwaid 
motion is not accomplished b\ actual pushin;^ ol the dune, but 1 a 
removal of grains horn tlie wind^card side and dcJJo^ition nn tin 
leeward. Sand grains are picked up b\ the u ind at the ba>e ol a diiiu , 
blown up the slope in a ' stream" sexeral inches hi^^h and owr ila 
top ^v'here gra\ itv causes them to roll do\\ n the relati\el\ ^tec ]J shipv 
on the other side to^card tlie base oi the dune. Repetition ol tliA 
process bv everv grain of sand in a dune \eill mo\c the dune Ions aid 
its OAvn ^eidth. 

Sand dunes \'arv greatlv in shape and size. One \er\ ( hat ai tc ri>i i( 
tvpe has a quarter-moon outline. Of the main oihevs. some are < n 
cular or elliptical in plan, a few are \erv eloiraate (u ridac like. and 
quite a number arc so irregular in form that the\ cannot be < lassi 
fied (Fig. 14). The linear dunes are created by winds [uedominaiirl', 
from one direction; circular and irregidar lorms result from \ariaMc 



Fig. 14. Sand dunes of irregular shape in Imperial Cuuntv. „ 

\unia. Arizon.'i. D\ permission Sh- I’lm-'i 
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'A lIld^. ^^An^ dunes, regardless of plan, have tlie same general shape 
Li\>ss-seaion. Tlie slope in the direction from which die wind 
. onies IS gentle, \ehereas tJie slope on the leeward side is steep. Wind- 
■.aid >Iope> are made bv the force of the Acind itself. The steepness 
ot the lee\s ard slope is, of course, dependent upon the angle of ref)Ose 
steepest slope at which loose material will standj of the sand. If die 
sand is rounded, the angle of repose will be less dian if the grains 
are somewhat angular and consequently have a tendency to interlock. 
The height of sand dunes varies OTeatlv. The average die world 

w 0.0 

over is probabh considerably less tlian hftv feet. The sand dunes on 
the southeastern shore of Lake Michi^n reach heights of 100 and 
-00 feet, as do the dunes in die deserts of Australia. Probablv die 

4 

largest sand dunes are in Great Sand .Dunes National Monument. 
Colorado, where some exceed oOO feet in heisrlit and mav reach 1,000 
feet Fig. 13*. The lengdi of an individual dime also varies greatlv. 

^ o o . 

Most of them do not exceed a quarter of a mile in length, but in 
deserts where there are great areas of parallel dune ridges, each one 
mav be lllan^ miles long. 

Quartz, because of its abundance in the rocks of the eardi’s crust 
and its resistance to chemical decav. is die dominant mineral in most 
dune sands. Ho^^ e^ er. a special tvpe of sand dune is found on coral 
islands, such as the Bermudas, where on-shore tcinds have caused the 
accumulation of dtick deposits of small rounded grains of limestone 
produced bv wa\ e erosion of coral reefs. Rain tvater {>ercolating 
through tlte limestone sand dissolves calcium carbonate and repre¬ 
cipitates it as cement between the grains. In a relatively short time, 

these calcareous dunes become limestone rock. 

Another unusual dune sand is found in the AVTiite Sands National 

Monument in southern Netv Mexico, where glistening white g^ps^ 
sand in dunes up to 60 feet high covers an area of more than 500 
square miles. Here the animal hfe has adapted itself to its emiron- 
ment Iw .a change of color. I izards and mice are tvhite, and even 

some of the insects are extreme’v light in color. 

The scoc^ping of sluallotc lake basins by the wind has been de¬ 
scribed. In sucit basins exca\ ated benveen dunes, small lakes are occa- 
sionallv present. More often, however, the high permeabilitv of the 
sand does not pennit the existence of lakes in the interdune depres¬ 
sions, except during tvet seasons when tlie water table is abnor 

' Most dunes are fiuTowed hv npples which lie parallel to each othei 

^nnmu & University Library 
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p.nd at right angles to the direction of wind mo^ eInent. Ripples arc 
miniature dunes. They move slowly up the windtvard slope of a dune 
until the crest is reached. Some have suggested that ripples, occurnug 
on a sandy surface, can initiate dunes without the assistance ol \ ege 

tation or other obstacle. 

Because wind is a verv effective sorting agent, all of the sand 




in a dune are nearly equal in size. The surface of the quait/ gi.iins 
commonly are roughened or frosted because of wear dining ir.ins 


portation. 

Migrating dunes often cause considerable damage. If thev ad\ am t 
onto tillable land, it may become valueless for agricultural purposes. 
Trees and even forests have been entombed by ira\ eling dunes. Flic 
tops of trees project abo\e the dunes on the southeastern shore ol 
Lake Michigan. Advancing sand dunes may seriouslv interfere with 
streams, since they dam valleys and force streams to find new dian- 
nels. Even towns have been overiN helmed by advanc ing dunes. Lyell 
states “The burn ing of several towns and villages in England, f ranee, 
and Jutland, by blown sand is on record; thus, for example, near St. 
Pol de Leon, in Brittany, the whole village was completely buried 
beneath drift sand, so that nothing was seen but the church spire.*’ ' 
After burning a forest or a village, dunes may march on, leaving i>e 
hind a devastated countryside of dead trees and collapsed buildings. 
Dunes move so slowly that it takes several decades for advancing sand 
to bury an object and expose it again by migrating c:>nA\ aid. 

Although most dune-covered areas are waste lands from a stand 
point of soil productivity, they are not without scenic interest. The 
unusual topography, combined with the bleakness and barrenness ol 
the dunes, gives such regions a certain amount of charm. For this 
reason, the United States has created the Great Sand Dunes National 
Monument in the San Luis Valley of southern Colorado. Within tlii.s 
national monument, which covers approximately 46,000 ac res. arc 
the highest sand dunes in the United States, if not in the world. TIk n 
have been formed by the prevailing winds from tlie Avest dri\ ing sand 
across the San Luis Valley, the bed of an ancient lake. The sands arc 
entrapped in a great embayment in the Sangre de Cristo Mouniains 
which form a scenic background for the Great Sand Dunes T ig. I 
The dunes are visible for many miles to the traveller who approac Iua 
from the west, and they loom larger and larger as he gets closer. T hi 


3 Lyell, Charles, Principles of Geolog^', London: John ^fur^a^ 
p. 699. 1847. ^ 
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the Mississippi Valley. In some instances, tne aunes 
madons containing beds of salt and gvpsum. so diat, ssere it n j. t - 
the supply in the loose sands, usable ground tv ater u ould not be a . ao 
able. Furthermore, dune sands store rain water that ’.vouid immcdi 
atelv run off otlienvise. and allow it to seep graduallv into the stream, 
and crive them a more consistent flow. Some dunes are exploited h r 

O 

the fine sand which thev contain. 

Loess. One t^pe of wind blo^vm dust kno^^ n /c 

isfoimd in thick deposits in a number of regions. It ciiaracicri^Ut 

has a yello^vTsh brown color. A microscopic exaininati* >n sin ews iriat r 

is mainly a mixture of 6ne quartz, grains of feldspar, and clav nuncr 

als. The particles are angular, but effective sorting bv the wind has 

made them remarkably uniform in size. Loess ma\ contain fresn 

# 

water shells, which are attracted bv the high calcium content. 

Perhaps the most remarkable characteristic of haess is its ability v> 
stand in almost vertical banks where cut into bv streams, \alle\s. 
roadways, or other excavations, Tlic angularity of the particles dc% el 
ops considerable coherence in the defx^sits. Exposed faces in hxris in 
many places show a multitude of hollow vertical tubes which exunt^i 
ses^eral feet below the surface. Thev are root holes left after tlie piant> 
have decayed, and thev tend to give the loess a vertical parting. I n 
like most npes of sediment, loess deposits lack visible e\ idence oi 
stratification. 


Loess ^^'as first described from die Rfiine vallev in Europe, but suJi- 
sequently it has been found in soudieastem Euroj^e. die Mississippi 
\-aIley region in North ,\merica. and in China. Tfie dep:tsirs in da 
Mississippi and Missouri River vallevs. althouzli ^cidespread are 1><>1 
developed in Iowa, Nebraska, and northern Kansas Ti^. 16 . Here 
the average thickness of the loess is about nvents feet, but in places it 
is much thicker. The total volume, however, is insignificant com 
pared with that of the Chinese loess whicli covers more than a liah 
million square miles and in places attains a thickness exceeding oim 
thousand feet. The ssveeping of tliis vellow dust into sireanii h 
given the Yellow River its name, and also die Yellow Sea into wl u 
the river flows. Loess deposits are exceptionaliv fertile, s-^ 
covered regions are intensi\ely cultivated where the climate permus 
The impalpable character of the material combined with irs 


word k Tanooslv prooouiiced as though it wrre spelled 5' i? > ?. V. r .... 

and lass. The last k the recommended proniiociatioQ. but manv peimle hnd ie 
man umlauted “o“* dificulc 
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Fis- Hi. Loess in highway cut east of Highland (Dtiniiihan Couni\)- Kansa>. 

/Jv n . H. Scitnfu f-. 

spread ge<^oTaphic distribution has led most geologists to conclude 
that loels is a rvind deposit. On the North .\meruan continent tlie 
deposits are thickest and most abundant around the borders of the 
areat c.eologicallv recent ice sheets. This tact, taken with the hetero- 
"enettv of mineral composition, has led to the theorv that some ol 
dus loess, at least, ivas orighiallv glacial sediment which was ground 
to fine pouder bv ice and subsequentlv blown over neighboring 
u e IS There is no doubt that much of the material was transpoi iec 
‘loi- some distance bv the rivers draining the glaciated areas before 
heino picked up bv the tvind. In other parts of the world, notabb m 
C hina the loess has had a different origin. The source of the Cbm 

is dusuuegvac.ng nxk s,Oases .n .l,e C.cb, of 

stntial Moil., \VL„d-l)loM-n dc|x»its of sokanic ash or 

d„s, O.. U. nea. die Pac ific beder. in the 'S«';V'‘p'"'"" 

1 r , PI nils cspeciallv in Kansas and Nebraska. The Cue. 

m ^ 1 1 nrolnbll ejected bv the Capulin group of volcanoes 

Plains ash same relativelv rec ent epoch 

innoacheai.cin Nc . alaciaied. The prevailing 

:;r,'nrt:dv ‘ -nds camed this ash over' p.arts of Colorado, OCIa- 
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homa, Kansas, Nebraska, and even into western Iowa. W hen it fir>i 
settled out of the air it was thinly, but rather evenly, distributed ov cr 
a verv' broad area. Subsequently tlie wind drifted the ash. and niiuli 
of it was blot^Ti into streams and borne seaward. A few of the driits. 
however, came to rest in depressions or lakes where they were pro¬ 
tected from further erosion bv wind and running ivater. and so ha\e 
been preserved to tiie present dav. Some of these deposits are ex¬ 
ploited, mainlv for use in household cleansers and silver p'lisho 
because of the angularity and hardness of the minute grains. A 
examples of scattering of volcanic ash bv wind during historic lin^e^ 
will be described in Chapter 10, on vvilcanism. 

Placer drposi/i. The concentration of relatively hea\ \ 
minerals by a transporting agent produces placer deposits. Mcist de¬ 
posits of this type occur in the beds of streams where running water 
was the transporting and sorting agent. Howe\er. wind also sons 
materials according to tlieir weights, and. if a wind-blor^Ti sand con 
tains minerals of varsing specific gravin, the heavier minerals will 
not be carried as far as the lighter and will become concentrated 
during deposition. Diamond deposits of tliis t\'pe are exploited in an 
extremely arid region in southwest Africa, 


ir/.VD VD w.^.\ 


Man has used w'ind as a semree of p>ower c»n lx>th land and sea 
througlioui historic time, but he has also sulfercd. and Mill suffe^^ 
from damage by activity of the u ind. 

Hurricanes and iomadoes. The strongest winds are 
those accompanying two special t\ pes of storms: hurricanes and toi 
nadoes. As compared with cvclonic storms, hurricanes ha\e a small 
diameter but are of great violence. Thev originate over tropual 
oceans. Hurricanes mav cause considerable damage to shipping and 
when the> move over die land, general desasution results. The C-uit 
and South Adantic coasts of the United States have been visited U 
a numt^ of storms of this rvpe. Tlie hurricane diat devastaicxi Ga! 
veston in 1900 bletv with a velocity of 80 to 100 miles per hour anc! 
earned awav the wind recording instruments at the CK>vernmc r 

speed of 120 nules an hour. Wind of such velociiv rends t., its, ' 
^erythrng before it. Sand, pebbles, boulders, and even l.rr..r >1 ,l.v 

anCl UUllftlflOX HIrkVft'n 
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;V '>f dc'tro\ rd h\ hurricane winds, and huge waves that accompany 
luvrr .uic' aiiack t!ie ^hore rvith spectacular vigor. 

A lun ru ane as dc \ astatin? as it was unexpected visited New Eng- 
and in the cariv tall of 1938. This storm ranks first among those 
. urrini in tlie United States in terms of propertv damage, tvhich 
iuraunted tci sea eval hundred million dollars. Here are excerpts from 
an article describins the Neie England hurricane: 


The v.iud's destruction commenced about 2:30 p.m. along the 
south ^horc• of Lon- Island, and ceased above the Canadian border 
after midni-lu. The cluasier was three-fold. Over sea beaches storm 
leaves of the hurricane, few in number, but towering as high as 40 

feci, siceot e'.cntliin- .twav. Icrrific w-incls carried destruction in¬ 
land. 1 orrential r.nns sv.elled streams, already flooding from earlier 

'‘ v’cui’li.u.s and the Province of Quebec counted dose to 700 
f uiline^. seaboard as wealthy as anv in the world, and us hin- 
tcrluid felt the shock. There had been no warning worth the 

muuiihiu: telephone, and coast-guards -- 

s. rvice \ -ophisticated population died by hundreds with little o 
no knowledge of what raw shape of death this was which struc ■ 

troni tlic ciDci ihti ticlc. . . • . . r.,.n 

n!,. „„uI ■.ml.,llor„oon of Scp.c.ber SI .he rapid M 

V \ ht-i r ir>elf to \\ eatner oureau 

:'ibu',i‘rid nr .ifhii b.nUiner .ha. .ke dreadful invader from 
t . , , iilu- d .O lollo. prcced.... b, .yu.v.ng nor.hea,. » 

itEiiHSiassi 

' u,, nccPdiim hurricane still was swooping 

f)' X'sHllc tilC iltkl— ‘.*5 . j V1/-vt-iH 

‘ V r in doldrums, experienced hlonaa 

"■'"’"-""“V’/"’"' i^t"h re\ X P epaVatii^ made Wednes- 

them. Meieorologs long has 
ahemoon me knowledge came too 

• ' ' , Wnd and the exposed Connecticut and 

' “ ' Momaiik Point faced the full force of 

' ^'"'w belm after beach was scoured. At 3N est 
Thi M.f' / sinele vestige remained. Seven- 

b...l. I... dies. . P lo,. no. onlv .heir 

,,n. v !v !i ihe "alls a. last ga'v 
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houses; many lost houses and lots: for the beach syas deeph chan 
neled- In Suffolk Countv the reduaion in assessed valuation of real 
estate is esdmated at $50,000,000. Elaborate launs a mile from the 
sea at Qut^tie svere under breakers two feet high; a cottage ashed 

across ten people on its roof. . . . 

Long Island Sound was beaten to one unbroken sheet of foam. 
Both shores were invaded bv wind-driven tides. Along the mainland 
coasts from Stonington to Biizrards Bav, where Lon«i Island no 

♦ 4 

longer serves as a breakwater, the storm waves were murderous. N’ar- 
ragansett Bay suddenly flooded dossTitown Providence. People who 
watched the surf were snatched into the sea, even from behind the 
steering wheels of their cars. 

From the seacoast to the border, from western Maine to eastern 
New York, there was wicked damage to trees. As example: of a grove 
of 40 noble svhite pines around a cottage on Lake WinnepesaukeC. 
39 are down, several across die cottage. Of 3.0<)0 sugar maples in one 
planting in central \'ermont, llHl were counted standing. ■ 


Tornadoes are low-pressure storms even smaller in diameter than 
hurricanes. Instead of being measured in terms of many miles, the 
jjath of devastation left behind bv a tornado mav be but a few vards 
wide. The wind rushing in tow ard die center of a tornado mav mo\ e 
at three or four hundred miles per hour. It follows a circular or spiral 
route into the low presssure area. Damage is done both b\ tlie t\ 
cessive force of the winds diat are drawn into the abnornialh lots 


pressure area at the center and bv the low pressure itseh. When the 
‘core” of a tornado surrounds a building it is as diough the strui tint 
had suddenly been plunged into a chamber in which a partial 
vacuum exists. The air pressure inside is much greater tlian outsidt 
and unless there are sufficient avenues for sudden escape of die inside 
air the structure literallv explodes, and the walls fall out. 

To an onlooker from a distance, a tornado appears as a large bla. k 
fuimel-shaped cloud widi the upering end of the funnel liangmg 
downward (Fig. 17). As the tornado travels across the counm the 
fuimel swings back and forth, like an elephant s trunk, the tapered 
end sometimes brushing the ground and at odier time's rising high 
into the air. ^\^lerever it drops and whereser it swings dcAasaati'i, 
results (s^ Figs. 17, 18, and 19i. In passing through a cits a torind. - 
leaves m its wake a path like diat made bv a law niiiuwer when push, i 
through high grass. Houses on one side of a street mav be comp!, t. 
razed, whereas those across the street remain undamaged. Ldi.ng - a 


5Sici*-art, John Q., “ 
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Fig, IS. After the tornatlo scrikL-. Columbu., Kins,-.s. >farch. Th- 

n,ul(i came in :u lower hit. cro-^-.'^! i\\- rictuiL ir^.: to ti'.c I:v.ecr i';,:.!. :u 
■trul proLccclci.! diaeon.iln atr'''" putLirc. r.i ■ udt .r h.t *" a 't », 

'iiiiii- \\cre o^citniju-d. i',- /. .• fl '• t • - • ■• r . 
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ilie ' trunk'' here and there explains the occuiTence of entirely un¬ 
damaged areas ah^ng a tornado's path. Tlie destructive action of tor¬ 
nadoes lias been terselv described by Milham in the following 
words: 


Due to tornadic action, large trees are stripped of their branches, 
broken off near the ground, or torn up by the roots; hca\^ brick and 
stone buildings are crushed and destroyed as if they were card 
houses: tin roofs are torn from buildings and are carried many miles 
through the air; loaded cars and even locomotives have been blown 
from the track; heavy iron girders have been carried over the tops of 
buildings; iron bridges have been moved from their foundations. 
Straws have been driven through boards, laths through trees, and 
small sticks of timber through iron pjate. When the funnel cloud 
strikes a building, it often seems to explode. The roof is carried up 
and the side walls fly apart. Chests explode; corks are drawn from 
empty bottles; chickens are stripped of their feathers. Soot is often 
seen to rise in quantity from the chimneys of nearby houses and 

window panes often fly outward. 

The noise which accompanies a tornado is tremendous. It has 
been likened to the noise of a thousand express trains rushing 
through tunnels or to the sound produced by thousands of wagons 
loaded with iron and moving rapidly over an uneven pavement. 
The uproar is so great that the crash of individual buildings is 

seldom heard. ^ 


Dust storms. The decade of 1931-1940 saw many se- 
vere dust storms in the United States. Much of the dust came from 
the so-called -Dust Bowl" in the southern Great Plaim which in¬ 
cludes parts of Colorado. Kansas. Oklahoma. Texas, and New Mex¬ 
ico Usually, as during the ■thirties, the abundant dmt becomes 
bailable be ause of destruction of the protective cover of vegeuuon 
bv over-razing and improper cultivation, followed by a period of 
prolonged drought. The wind, which persistently sweeps 

feacliinv Lb into the ah and transports the dust for lary.ng distances^ 

TO the on,»ker, an approaching du™ 

sharp, dense black cloud (Fig. 20) T^s 

:r f "ToTowrl ,"y;™f dust storm is heralded simply by s 
darkness follows. As storm’s arrival 

gradualh possible opening. Housewives seal th( 

’emr^rSe edges of iHws and doors with a^iesive ta^ n 

--- ; New York* The MacmillaD Co. 1929 pp- 
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Fie- 20. A dust storm comes to town. Corard Phcto. 

O 


order to reduce dust infiltration. Outdoors all trafik. e\en mo\e- 
nents of trains durino; the se\eresc scornis. comes to a stancKtii!. 

V ^ • 

\iitomobiIists find that at times the limit of their visibilirs is tiic 
•adiator cap. Even pedestrian tra\el is hazardous, and Lhildren aic 
tept at school or at home, until the storm abates. Fine du>r clo^s tiic 
lostrils, making dust masks ad\isable. "Witli the passing C'U iif the 
torm. the dust becomes thinner and trasel can be ri'umcd. TIu 
un reappears, but. as do automobile headlijlus and >ticct litilits, it 
las a peculiar bluish color caused b\ the dust s hlterin.: r.ut of ilie 
olors toward the red end of the spectrum. A thin dejsosit <if du,: 
•lankets die countnside like a light fall of snow. The air shu'. iv 


lears. and breathing becomes easv once more. 

The importance to the fanner of the loss of this soil c.innot lie 

veremphasized because, as has alreach been pointed out. the fertile 

art of any soil is the top few inches (Fig. 21 .. Of course the dint 

ventuallv settles and adds to the fertilttv of the soil in other area^. 

ut the increment received durino a single detade ordinariK 

ight. Over a long period of time, however, dint de[)osition undoui.E- 

llv has enriched the soil of manv regions, and main fertile [aim 

inds of todav probably owe the richness of their soil to dust n.un- 
orted bv the ivind. 


Locallv, the blowing soil mav tend to accumulate in drifts, dm m 
Etardation bv irregularities on the surface, imiudiiwr diovt mar t-, d 
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Fig. 22. Drifting soil lodging along fence and covering road. ■Deadle 

South Dakota. 1933. Coiirt^<x Cofis^n if'on I' S. b A 




Fig. 23. Farm machincrv buried beneath drifted vnl. Gregor'. ( o - 
Dakota, May 13. 193b. Coii)fr^\ Sn'A s^rr-- [ \ ' 
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'Miner after hanesting instead of plo^^-ing it under. ‘TTie stalks help 

to protect the soil from bio'ving in winter; the roots bind the soil 
and keep it on the field.'* 

1 rees planted on the windward side of fields break the force of 
the 'wind and diven it upward, thereby reducing H-ind erosion and 
the drxing out of adjacent soil. 

5. Where wind erosion has already been so se\ere that it is di£B- 
cult to get the crop started, "rough tillage” should be practiced. 
ThL> method of cultivation tends to leave lumps or clods, instead of 
pulverized soil, on the surface, and creates a series of ridges and 
pockets which preferably should cross the field at right angles to the 
pre\'ailing wind direction. The ridges cause some upward deflection 
of the 'rind and serve as a trap to drifting soil. The pockets provide 
maximum storage of rain or snow water." 

For some areas, major readjustments in land utilization should be 
made. 'Where soil moisture is consistently inadequate, attempts to 
plant staple crops such as wheat should be abandoned. In their place, 
sorghum, or some other cover crop, should be growTi. Such crops 
give the surface soil much better protection against blowing because 
of tlieir nenvork of roots, -\reas where it is impossible for a feumer 
to make a lirinsr throu^ cultivation of the soil should never have 
been broken bv the plow and should be regrassed where possible. 

' Abstr^cied from U. S. Department of Agriculttire Soil Consen-ation Serricc. Region 
Nine. Soi7 and Water Cons^n'ation in the Northrm Orcat Plains, Washington, D. C.. 
L'. S. Govemmenr Printing Office. 1937. 
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Ground Water 


Ground water is an abbreviated term 
for underground water. Rarely does ground water have such freedom 
of movement that it can erode physically; its geological isork is 
largely chemical in character. The net effect of giound water acti\ - 
ity is to lower the land. 

Ground water is of great importance to mankind, for many regions 
are totally dependent upon it for water supply. Furthermore, all 
rivers, other than those fed by melting mountain snows, owe their 
permanence to the seepage of ground water into the stream-bed. 
Without it they would carry water only during and immediately fol¬ 
lowing rains over the drainage basin. 

Ground water activity has produced many places of unique scenic 
md recreational value, including twelve national monuments and 

aarks in the United States. 

. % 

Origin. There are several sources of ground water, 
aut the principal one is the precipitation that falls onto the earth's 
■urface. This water is called meteoric water. The volume of meteoric 
vater that eventually reaches the ground water zone is the remainder 
ifter evaporation, surface run-off, and vegetation have taken their 
Therefore, the amount actually received is dependent upon the 
tumidity of the air at the surface, the speed of the fall, the slope of 
he surface, the porosity of rock, and the amount of \egetation. Tlu* 
troportion of rain water or melted water from snow and ire that be- 
omes ground water varies widely from place to plac e and in a gi\ cn 
Dcality from day to day. On the average, probably not more" ban 
wenty or twenty-five per cent of the meteoric water becomes liround 

nater. 

Additions to the ground water supply also occur where the xcaier 
ible (upper surface of ground water) drops below the lowest surfac e 
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it:\ els so that lakes and streams tend to drain underground. The be- 
ha\i(>r ot streams in passing through regions of deep water table 
will be described in tlie next chapter. 

Much of the undergiound water in sedimentary rock areas was 
deposited with the sediment and is called connate water. When sedi¬ 
ment is deposited beneath water, as in a lake or an ocean, the spaces 
between the mains are filled with water. Thus oil wells often en- 

O 

counter much salt ^vater which was trapped in tlie sediment at the 
time of deposition. As a general rule, water buried in marine sedi¬ 
ments is more mineralized than sea water because, in the millions of 
\ears that it has been in die rocks, it has dissolved additional min- 


eral matter. 

In regions of relatively recent volcanic activity, water from deep- 
seated knotvn as magmatic water, is added to the ground 

water snpplN- Examples are to be found along the Pacific coast of 

North America and in Yellowstone Park. 

Soil moisture. Although recoverable ground rs'ater is 

limited to that which lies below the tvater table, the zone of soil 


moisture is a water reservoir used by, and essential to, most plants. 

This zone lies immediately beneath the surface. The water stored in 

it is attached to the soil particles, and is removed by the roots of 

plants. The amount required each year to maintain plant life in 

most areas is several times the amount in storage in the soil zone at 

anv one time, so the soil moisture must be periodically replenished 

bv rainfall or irrigation. No downward seeping rain water can reach 

ilie water table until the soil moisture reservoir has been filled to 

capacitv. For this reason none of die rain following a drought may 

reach and replenish the ground water reservoir. 

Ground-water resen'oirs. 'Water is present under- 

exTound .ilmost evervwhere. but at widely varying depths and with 

ronsidcrablc differences in abundance and quality. The volume o 

water m an underground reservoir depends upon the porosUyot the 

r.K k T he .iva.lal.iliiv ot this water for use depends upon the perrne- 

- y, of the r.K k, that is. the abil.tv of water to 

t;:" r: 



Ground Water 

water cannot move. This “fixed ground water is in ^\hat mi^ht bt 
called dead storage. It cannot be exploited. Still a third tvpe ot rock, 
such as granite or quartzite, has practically no porosity uhatsoe\er 

so is neither a container nor a retainer. 

Sometimes a container is known also as an aquifer although the 
latter term is customarily restricted to ground water reservoirs con 
taining usable water supplies. 

Granular rocks, such as sandstones, are outstanding examples ctf 
ground-water reser\*oirs. Sand grains because of their shape cannot 
be packed so closely together that open spaces or voids arc elinii 
nated- As much as fortv per cent of a sandstone may be com{x>sed of 
voids. A stratum of sandstone tAventv feet thick and full of water 


would therefore contain the equivalent of eight feet of water. Since 
voids are inter-connecting, movement of water in anv direction is 
possible, provided, of course, that the voids are super-capillary (large 
enough tliat water can flow through them'). 

O 

The p)orosit>' of a sandstone dep>ends up)on three things: the degree 

of homogeneity in the size of tlie grains, die angularity of the grains 

and the degree of cementation between the grains. sandstone tom 

posed of mineral grains of approximately die same size will have 

greater porosity dian one in which their size varies greath. for in the 

latter case the pores between die larger grains may be filled w ith 

finer material. The more angular the grains, of course, the more 

closely they can be packed. A sandstone in which the grains base 

been completely cemented together has no porositv. Fortunately for 

many regions dependent upon underground water, this situation 

rarely exists. Ordinarily onh a part of the pore spate is filled with 

cement. Entirely uncemented granular material, such as vind\ s-iil 

or sandy flood plain alluvium, has maximum porosity and can store 
a large quantity' of yvater. 


Water also occurs in solution cavities, such as limestone caverns, 
through which the water flotvs as underground rivers. More lom 
monly the cavities are small and the water moves through them \ era 
much ^ it does through the pores of a sandstone. A limestone known 
as the “Arbackle ” lies deeply buried under many thousands of square 
miles in the mid-continental part of the United States west of the 
Mississippi River. Its uppermost thirty or forty feet is very fiorous 
because of ground-water solution many millions of years ago when 
the limestone lay near the surface. This porous zone is full of water 
except locally where oil has taken its place. The reservoir . ondir.on. 



G e o I o g i c P r o c e s s e s 

lor tlie underground storage oC oil and gas are the same as those for 
water. 

Lava flotvs are characteristically porous in their upper portions 
because of the escajie of magmatic gases which develop small cavities 
in the rock tsdiile the lava is solidifying. The gas bubble cavities, 
known as vesicles, are ideal channels for ground water if the lava is 
subsequently covered by later flows or sedimentary' beds. Some of the 
largest ground-tvater resersoirs are buried vesicular lava flows. 

Some rocks, such as granite, gneiss, quartzite, and dense lime¬ 
stone, lack any appreciable porosity and are therefore quite imperme¬ 
able. In many cases, however, water can move through these rocks 
along joint cracks and fissures. A brittle rock may be so broken by 
joints that a considerable quantity of water is contained wdthin the 
joint system. 

Underground reseiA'oirs of water have both upper and low'er 
limits. Above the upper surface, or water table, is the vadose zone of 
percolating w'ater wdrich is w'et during and immediately following 
a rain. This percolating water joins the w'ater in tlie underground 
reservoir (saturated zone) and temporarily raises the level of the 
W'ater table, w'hich therefore undergoes considerable fluctuation. 
During the dry' season it may sink many feet, and during a prolonged 
rainy season it mav rise close to or even reach the surface. The water 
table in humid regions may never be more than a few feet below the 
surface, but in arid regions its depth may be several hundreds of 
feet. Unlike the water surface in a lake, the water table is not hori¬ 
zontal. It is a compromise in relief betw'een the horizontal and the 
topography of the overlying land surface. "Wfliere the rocks are very 
pernTeable, as is loose sand, the water table approaches flatness. In 
less permeable rocks the gradient of the ground water surface is 
steeper The relief of the water table, then, depends upon both the 
surface topography and the permeability of the reservoir rock. 

The lower limit of ground water in homogeneous rocks is not as 
definite a plane as is the upper surface. Because of the weight of 
overlying material, rocks at great depths are more compact and have 
less permeability than rocks near the surface, but deep wells drilled 
to depths of over three miles have shown that sediirientary rocks 
continue to have sufficient porosity to carry water and oil CNen at 
those depths The porosity undoubtedly diminishes downward, and 
fv^cuany a depth's teadted where dte rocks are so compact dta, 
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rater storage is not possible. Wheie tsatei i' >tnufl in j int 
and fissures, as in iineous and inetamorpbic nnW. ti e ni..xn:nnn 
depth at which water exists is considerahb h-. .\ nuuibcr ..I n.inw 
troubled with ground crater that pours into u|.pcr h '. l!- 
rock fissures are diw at deep levels because -I t'.e ar.ulu.u pnu r ui.; 

tosetlier of die r.xk on oppofite sides ot the fi"ine'. 

V'here the rock of tlie eartii's uust is not !,. ei:-wciu ouv luit .in¬ 
sists of alternating lasers of persi'’us and impels rui- lo, ... 
teater occurrence is quite ditfcteiu. Tb.e sratcr i^ lonluuc t- irv i < i- 
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ft t!:c 


vious lavers. and the upper and ]<■'■. cr unutN 
bodv are tlie upper and iov/er cent.u^N “I the le'etAtur nuK 
rv'ater table concept is appluable under [ne>e e na urn''ntnt e 
•^ehere tlie resen'oir laxk cr'-j-s uiu. I Men the upper le\e! 'h 
below the outcrop is the icater table. 

' . • '*0 a e '/ 
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Ground waters vara' i^'eatlv in chemical (.c>ni:j"Niti<'ii. ReLuiveh pur^ 

' unniineralizedi leater is u,sual!v cjniined t*) tl*e near->urt.i( c / au 
u'here a fresh increment ot rain leater periodic.tll’v re(ei\edi. He.*,' 
e\'er. rocks lehich consist of relati\cl^ ins'uubie minevah ni.i’.' wrin dii 
Eairlv pure leater to ccuisideral-'le depth. Example^ are tiiC v-;.nx 
u'hich occur in sandstones formed al)Ct\e sea leiel .ind :n a ^ n- 
igneous rocks. Forprakiica! purj‘>' 'Ses aT"tind wuev r:: he i 
IS hard or soft, and snlire or n<jn ^-lU -.r. Harvi v .uei > < - -nOiiii nri^rie- 
iium and calcium compounds and. pca irhe. ;ne v. n. -.er--. ^ i' ' 

actor\' to use. Hard \eater reouire'^ an alavn-mal in-aur 

4 % 

DC effective in deansina;. It also tendo to pr 

;anks. and boilers. e\entuallv so chi^-in-i --r tihirie tixm t!i f. it-o 

I 

nent becomes necessarv. Soft water i> either nniiiiuera'i a'1 a. Ui 
eater that contains none of tiic "hardenina t --nip. aukh. I:, . 

nuch more satisfactorv ilian hard v.ater t^r Ixith clanehtu am! iiitiu' 
rial uses that manv municipaliticN and e\en idinl (-aiomei 

dther find a soft ivater suppiv (.-r iiiNtal! artiluia! neater ^ 
equipment. 

Saline waters contain enouali disso]\ed sodium (h!<ahdt u - ..a 

o the taste, as well as odier mineral saUs. Mineral 


k ‘ ikiki'( 


.i.t- 


.1 


n ' 


f i'j 


X V ) 


l i ! 


: ; i ! 


I i 


> Or 


ompounds other than salt in ahunduke. Ir.in ^\ih. nn < o'i 
•xide. and rarer substances nrt\ be pie'eiu. \Iine!,t' '-..uii 
led in manv places and sold for their .dkxicd nu-du lu d j h.,. eoe . 
lut the therapeutic calue of suih water In «.iu ii ,0 w. ! . • ! 
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water of meteoric origin 
that cinulate through rocks containing even slightly soluble miner¬ 
als mav become mineralized. 


C onnate water, magmatic water, and ground 


The temperature of ground water varies considerably from place 
to place. It tends, of course, to have the temperature of die enclosing 
rock; hence, die deeper the source of ground water, the warmer it is, 
for the average temperature of the rocks of the earth's crust increases 
downward about one Fahrenheit desjee in even- sixtv feet. Because 

O . » 

the rocks have approximatelv the same temperature the year round, 
water emerging from a shallow spring is relatively cool during the 
summer months and warmer than the average surface temperatures 
durins: the iv inter. But where artesian circulation carries water be- 

O • 

low die surface to a considerable depth, it may be much warmer 
than the normal temperature of the rock from which it eventually 
emerges. The heat of hot spring water results either from ground 
water coming in contact with igneous rocks that have not yet cooled 
to normal temperatures, or to die intermingling of ground water 
widi magmatic water or steam. 


MOVEMEyr OF GROUND WATER 

Ground water is capable of motion, but in many instances the 
movement is insignificant and, except in caves, it always moves \erv 
slowlv. Water underground obevs the law of gravity just as does water 
at the surface, and it will flow down any slope diat may be present. 
Surface water joining the ground water will follow die gradient or 
slope of the ivater table. Therefore, most movement takes place in the 
upper part of the ground water zone. The artificial removal of water 
bv means of drilled or dug wells lowers the water table m the vicin- 
itv of tlie well, but as long as the water table stays above the bottom o 
the well, the water icill move through the resersoir rock into the 
well The speed of tvater movement underground depends upon the 
size of the pores, since the larger pores permit speedier movement 
because .if less fru tion. and also upon the gradient of the wa^ uble^ 
The d.nen sallev mos ement of ground water in a river Hood plain 

has been measured and found to be but a few feet a day. 

"y^ne of course, there is alwavs a large body of ^vater under^ 

..round the increment resulting from downward filtration of rai 
f„d "url.;. ; -uer .ends .o be balanced bv U.e escape of 
■ a.er .bcongh arnfical and na.ural 


w 


water 


has 


been produced from wells that the water table has been 


T.rDtt si-- 





Ground » at er 

|„„.,ed. and ,l,n ... uaua und.,a|..und .nanauid 

dinuniilied. Tin' i-nn-raiHn "1 din u.iini i d.ln ai ^ 

low c'le\ation pcriiiU' w atfi to cNtaia am I'wii at i 

orf (Fis. 24.. Where a valUw c nt, l.elow il.e w.ucr t.il.k , .natna v. .u . 

enier'>es into die r.ille^ throu'ah nclI'o ami'jn iiv^s. In ,ntn. .n 

die lerv bottom ot the lallcs i uts the uatci lablr. mn! :m ' .o, 
seeps direetlv into the nier. (.rouml water alv. >eeps int - 1 me s om 
in coastal areas, into the oieaii. Where dieie i' l.nio.^ iimt'-... j 
itv of the rocks, the snrl.Ke ol the w.iter in p..mi>. lake v iml o n 
marks the local elex.nmn .4 the waiter t.il.h-. A swamp'i .ma i' ;■ 
duced where tlie water t.ilde internee l^ the land Mutaee. 


In addition to the methoeb "1 ao-iiml ■.'..itei eMapa pist e 


Mil. I 


ated. there is some inoxeinent .>1 \cater Irem .i Nliah"'.'. .omiid net 
table to the snrfac e In tapillatw ino\ eim in. (>i onml v'. .ne i n aS" 'ol i 
ject to direct cnapor.ition into the an tint ttlN tim '.oiiU la iw.ce ll the 
surface and the ,around icatei table. Other meiln'd' nt aiouml w ue i 
loss are removal In plant' throuuh their roots, .nul e hemii il (ombi 
nation, ^\’ater unites with a number ot tom[ionmls to toini oO;ei 



Fig. 24. 
water table 


atcr table, or top of -^rtnand v-.jt^r >itur'tcil -- 
intersec t> the surface a swiinp -.'uii. . m .t !,kt 
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Ground Water 

comes into contact uith a supnU -'t uatc-r at a relaineh in,a c . , 
tion. and .a tvater in the peimeabic lied ha< . .j-jm a ninitc 
to the surtace uhere the nnla.c iio at a aa.ei euv eo-n .no 

point otenn-ameotti^euatev. l-Mapc-mac l-c dt.c c I'M. i c .. oo 

pinzC'tth.epcrnieai'ielied. or it' 

Chapter 11 that ve.u h.c' tlie mH tai c i la'- - ’ aim 

ot the Rockv Mouiuain'tiic 'cdimcntav. .. „ k'im m '!' im om -m 

■ basins tormed l)c dc torin.atmn ■ ■! ;he i■ a in iMe c i' ' '' 

meable beds anmna tlu'c VO. k' in c-nc-i'. itca li .m i nn o: ; ■ ■ ■: 

snow where thev nop ..iit bi.h on the nmuin un ho;-. 
fonn the rim ot the b.-'in. nid thi' '■ aiei i mi' .h ■■■. n toe ', m.i., ■ : 

to an outlet at a h n-. c-r t ic\ u i- ai iui. u. . uu i ' uui.c i .at"...-. 
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moxeinent ot steam 1 1 ic'''-'UOi it -i mot'. '■■ .lU : ’Oj u .h-c ' 

Most spiinki". cspetialrv tin. ^L■!^ ; ■’lu-'v. uos: . ; 

A part ot tlie rain that tali' < *n ,1 k ,i - 'U i* cO" u'c _i > 'U1 h 1 • ic 1 t 11 ■ :. 

lation and later e!ncru(.> a' a 'jiMiij,. !• ('’rUiiUi': 10. ii'^ -ui , 

enoLifth to reac *1 tenipeiut uia ' 11:tu o '; 1 a011 :. 11 i; a .1 ■ i . : _< o ; ■ 
perature just heneath the 'u: tat e. 1 - in ua : m* a c. ;i ua. u i \ - ; 
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IS ca\ eriKHis. the tvatei iiunes at such a rate that it does not have 
time to adjust its tcmpei ature fullv to that of the rocks through which 
it pa'scs. \\ arm springs exist tchere the ground water has pene- 
tiated to considerable depth before rising to the surface. Some ar¬ 
tesian waters ate noticeablv wanir. Hot s^nings are confined to re¬ 
gions of fairlv recent igneous acti\ itv where the rocks a short distance 
Irelotv the surface are abnonnallv hot (Fig. 271 . Coolin<r followin<T 

. . . ' ' O o o 

Igneous intrusion is \er\ slow because the overlvin^ rocks function 

- ^5 

as a \en effecti\e insulator. The ground tcater tliat penetrates the 

hot rock zone naturallv becomes hot. It mav also become mixed with 

• . 

hot magmatic 'ivater. Geysers are a special tvpe of hot spring in which 
flow or eruption is intermittent. The main essential is a tubular 
opening or conduit extending from the*siirface downward into con¬ 
solidated but still hot lava. Inflowing water is heated above the boil- 
ing poim. but is temporarily pre^ented from boiling bv the weiglii 
of the o^ erh ing column of water. Howev er, the water at some deptli 
in the tube is cventuallv heated to the boiling point of water for 
that depth. The steam thus generated lifts the water above until it 
overflows- and this in turn reduces tlie pressure on the superheated 
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water in the columns so that it bursts into steam and eruption occu. 

After the eruption subsides the cycle starts anew. 

Spring waters also can be classified as pure or mmerahzed. Pin t 
sprincr water is rain water that has neither dissolved soluble nnnei als 
nor become contaminated by other waters in its traN els underground. 
Mineralized spring water contains salts and other compounds m 
solution. The majority of so-called mineral springs owe then ...m- 
position to the presence of salt, gspsum, and other relatnelv soluble 
minerals in the rocks through which the ground water has passed. 
However, some springs, especially those occurring in volt aim re¬ 
gions, conuin much rarer compounds which are probabh of igneous 


origin. 

Springs vary in size from the small seepage used lor water suj)|)l'. 
by tlie rural dweller to those which yield thousands of gallttns a min¬ 
ute. There are several springs in the United States giving .500 second 
feet or more of water. A second-foot is flowage of a cubic foot ol 
water a second, or 448 gallons a minute. A spring yielding 500 set 
ond-feet of water would furnish 100 gallons a day to each indis idual 
in a city with a population of more than three million. Silver Spring 
in Florida is probably the largest limestone spring in the United 
Sutes. “The water emerges through ser eral openings into a basin an 
acre or more in extent and fully 35 feet deep, and gives rise ttj a 
navigable stream.”^ The stream that heads at this spring has a width 
of 110 feet, a maximum depth of 11 feet, and a velocity of over halt 
a foot per second. The highest discharge reading for this spring is 
822 second-feet. New York City, when its population was fi\e and a 
half million, used about this amount of water. 

Even larger springs issue from porous and fractured lava flows in 
Idaho. A series of these springs along a 50-mile stretch of .Snake River 
between the towns of Milner and King Hill has an aggregate dis¬ 
charge of over 5,000 second-feet, adequate to supply more than one 
fourtli of the population of the United States. At most of the springs 
the water issues from the walls of the canyon at considerable heigbis 
above river level and drops in magnificent falls or catarat ts to ilu 
river. Before the water rvas diverted for water power, Thous.tn(l 
Springs made a waterfall 2,000 feet long and 195 feet high. Otln-r 
springs in this vicinity are also harnessed to develop electric its. 

Yellowstone Park contains about 3,000 geysers and hot spiing^ 


iMeinzer, Oscar E., Large springs in the United States: U. S. Gctd Siir\es \S ,i. , 
Supply Paper 557, p. 12, 1927. 


( lo. V Tlic total xolunie of ^vatei emerging at the surface through 
ilu oiilucs IS euoiHious. I hm-evcr, the region is one of heavy pretipi- 
i.Hion, sviu, 1, a. counts io, the great solutne of ground water. Never 
ilivless. t litre IS ev idence that sonic of the water (ineluding steam) is 
ol Igneous origin. Hot sjirings are known in many other parts of the 
world, hut gevsers are found only in Yellowstone Park, Iceland, and 
New Zealand. One other hot-spring area in the United States, lo¬ 
cated ticar the center of the state of Arkansas, has been set aside as a 
National Park. This was the first area to be set aside by an act of 
Uongress lor recreational purposes. Although originally established 
in 18:12, the reservation was not given National Park status until 
1921. The hot springs are grouped at the base of Hot Springs Moun¬ 
tain, and their aggregate flow exceeds 850,000 gallons a day (a little 
less than one sceond-foot.) The water, which emerges through forty- 
six separate s])rings, is extensively used for curative purposes. Attrac- 
tive bathhouses have been built on the rc.servation, and people come 
from all over the country for treatment. However, the mineral con¬ 
tent of this water is very small, being considerably less than the water 
u.sed in many municipal supplies. Other, more strongly mineralized 



ri.r ‘>8 f\(cniic.irillv l.nge hot s|Hing deposit. Jupiter Terrace, Mammotli o 
'’’.Spiin-o. ^ellovvstoM.' .Xatioii.il hark. CoinUsy Union Pacific Railroad. 









Ground Water 

1 for the alleo^ed therapeutic properties 

springs are exploded ” ^ ,„d abroad, 

water in many places, both m tiie ^Jnueu 

serve as nuclei for health resorts and spas. 
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of the 
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WORK OF GROUND WATER 

Ground water acts as both a dissolving and a ^ j 

materia, deposited, so that the net e««t o ground - t 

activity is destruettve. The destruction ts rarely vt b e t s h 
wind, running water, and other agents of erosion, but it is ncNc i 

less effective. As will be discussed more fully later, ground ua ti .i s< 
play! a passive role in "lubricating” soil and rock on the flanks ol 

hills, causinff landslides. , ^ 

Solution. Pure water is not an effective solvent of any 

but the most soluble minerals, such as salt. However, most under- 

oTound water already contains compounds in solution whit i gica > 

Tnerease its solvent effect. Of these, one of the most active is carbon 

dioxide, a gas which, when dissolved in water, makes carbonic acd, 

a very effective solvent of limestone. Most of the carbon dioxic e 

comes from soil bacteria, vegetation, and decaying organic mattci . 

Other acids also may be present in ground water. 

The most vulnerable rocks are salt and similar compounds wine i 

are deposited by evaporating seas or lakes. (Apsum and anlndntc, 
two forms of calcium sulphate, are dissolved not as readily as salt, 
but more readily than most other minerals. The solution of limestoiu 
is most prominent because of the widespread occunence of this rod 
Calcareous cement in sedimentary rocks is likewise vulnerable, ami 
its solution by ground water causes the rock to disintegiaie and le 
turn to its original incoherent condition. No minerals are eniiiels 
insoluble, and ground water, acting through geologic time, dissolves 
to some extent those which are ordinarily’ considered insoluble. 


Deposition. Precipitation from ground water is 
caused in several ways. Very important, especially where gionml 
water nears and reaches the surface, is evaporation. If the uaiei is 
saturated with mineral salts, slight evaporation will cause tlieii pn 
cipitation. A decrease in temperature also causes prccipit.uion 
Chemical reactions which take place between ground waters and ox k 
minerals result in precipitation in some cases and in the re|)l.u ( in. in 
of pre-existing minerals with new minerals in other cases. .Sukt i n 
bon dioxide greatly increases the dissolving power of gnuind \s .it. i 





»v\ 


' ' t . I 


I . 


^ I.irl>,mate to precipitate. Carbon 

' ■* ■'^' '' ”■' ".^ter in appreciable amounts onlv 

t.! ti.c '• .ncr i> under pressure. Release of pressure due to die 

' "■■'■c! to the surfaie or into a subtenrinean opening 

• vXi.UN c>\.apc •.•t c.irlvn dioxide. 


RESli r< OF GROVyD TATFR ACTIVITY 

Sohui'M-i hv Cl. imd v.ater creates openings in t!ie rocks: precipita- 
non prndiu c< <pnn, and cave depiasits and cements grains of sand or 
*'ther inaierial icccLiier, 

( *: fOne important pliase of solution bv ^ound 
v.ater is t'lc iMnirtii.-n of pwws in r.x'ks at or near the surface. Like 
"liui met:.'bis - I erosion, solution operates differentialh. and the 
n.iTe e i:niura!s arc rcmo\ed most rapidiv. Therefore, a rock 

err. tir>: 1 co'iiie jhtted and later entirely dissohed. 

Miu.i nc're striking solutitm prcxlucts arc caves in beds of lirae- 
c^j'<um. and salt. Limestone caves are largely confined to a 
n :ati\ t !\ vlialhnx 7one ichere the ground water contains much more 
d.i'"' *i\ edi I arhon dioxide. neceNsarv for the sc^hition of limestone, tlian 
It dots a: greater depths. Furthennore. at sliallow depths the pres- 
Miie * reated hv the weight of tlie nxk hang between i!ie soluble laver 

^ 9 

md the suti.u o i' nut of such magnitude as to prevent the existence 
I'i ( .nerm-iis t'penin.;s. Cases are started bv solution along the walls 
' I i-u'i' ctMi k' till' ujh which it travels, and eventually these open- 
.ne widtiicd into laves Fi^. 29'. 

N'Ur i.iM-, ha\e been disco\crcd through natural openings at the 
'.u; i.u c, 'I in the w .ills of ra\ ines, and others in drilling for water and 
(lii. F"i ic N of an\ I lues of their existence at the surface, more caves 
und' lo’cli' lani.iin nndisxnered than have been discovered so far. 

ti c ■ ui'. -cuer.tli/.uion which can he m.ade in regard to 
tiic ^ 1 i.i’.ix ind lavcrns fonned bv ground water is tliat in- 

, I', cA-icinch im-ular. Tnnnel-like o[>enmg> broaden 

MU'; in! i n. - md then the walls pinch togctlier so that funher 
■ c !' ■ ' • c. iccii impossible. S<vnie cates tonsist of a series 

k p ,k,.<v i -v R ith intcrtening chambers and rooms which mav or 

i,.,\ ir : ht uiict'.'muttmg, C-iverns .are not alwavs confined to one 

lk,.l, , -no "Mtlie deeper rooms, or caverns mav end on one 
l,^el and i ' inini.c tt m upper one. The deepest passagewavs usually 
...ntain >to uto into uimh all of tl.e water entering the cave system 

irregularity of ca\crns is due to (If the location of 
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^ound uacer channel?. - cSic n r :::c . 

and ■5' differencial s^.timi'.ai uiierc pa!‘c> . c: - :■'* ^ ^ 
soluble. The comp'Sui<^n ^T^aind i? 

sokiiion will cake place wiiere die -.’^accr hr?: per.j".: 
rocks, since ic scx/n bec-._'nie sacaraced and v.an onv> - 
The larges: chamber? mark piaces 'viiere ciic ar.ami 

O 1 

cered die soluble lasers. 

Caves have always tas< inaced :.e -ric. The% -:!v 

4 

* » 

sands each vear because •.-t their unmue ,har.K:c:' .m 

4 

die opportunicv die’. ..'ffcr t- r e\nl'--rati n, v ii.c : v 
cavern areas iia\e been sec a^ide b% d.c t. :..cr’ 
inonumencs and parks h.-r 'iie u?c -i cac r’’.e : 

^ve the name and [‘XacL'.-ii -d eadi ciic tcdei.ih-. 
areas in die United Scaces. Ah - a these e- c. e 
ground waters, and tIi^•sc ^ -i d.em are - ,:tch m :a i-a.. 

scone. There are als^* niair. ;,r:ra:eh- ' ^‘iied ^att^ 

* 

use bv the public, and count.ess m .^re are n . c ^ .?::ed a: 


► ''' c- 


V < •« 


•*. X t , k 


r* 




e\ 


a.. 



Ftg. 29. "Water perobttn^ thr'>a,;i baa-tr- • 1 - 

and there, pxludns caecs. A: ruhe e.n-r ^ r , 

■ Chapter ,i. Later dcpo->rti,>n .,t ....... - 


. 1 




c-/: 




70 


Geologic Processes 

stone terrains ol Kentucky, Indiana, Ohio, Pennsylvania, and Vir- 
'j,inia loniain a large number of caverns. 


X ATI ON A L P ARK S 


Xarne 

Carlsbad Caverns 
Wind C^ave 
Mammoth Ca\e 


Location 
Xew Mexico 
South Dakota 
Kentucky 


National Monuments 


Lewis and Clark Cavern 
Shoshone Cavern 
jewel Cave 
Oregon Cave 
Lehman Cave 
'Limpanogos Cave 


Montana 

Wyoming 

South Dakota 

Oregon 

Nevada 

Utah 


The Carlsbad Caverns constitute the largest series of underground 
raves vet explored. They lie about 26 miles southwest of the town of 
C.arlsbad in southeastern New Mexico. The region is one of many 
cases dissolved by ground water from beds of limestone, salt and 
gs psum. The largest cavern is in limestone and extends diagonally 
downtvard to a depth of about one diousand feet. 

Formerlv this cave was known as “Bat Cave,” because of the 
thousands of bats that inhabit it. It is said that at dusk each evening 
these little mammals come out through a large natural opening, at 
times in such numbers that they look like smoke from a chimney, 
and for three hours pour forth in a steady stream: then m the earfy 
m.lining thev return and with incredible swiftness fold their wings 

in midair and dan into the openings. u « ™ 

Although several miles of underground passages have been ex- 

|)lored. there arc still many portions of Carlsbad ‘“j‘'‘^^ytionarGeo^ 
'.,,,1 n„„er ol conjcc.ure, oUl.ougl, .he 

c luhic Socien's expedition spent some six months at the carer 
m'.k.m. detailed explorations. It consists of a series of lofty spacious 
1 , .7s and connecting corridors, with alcoves extending off to 

I,; ilia. a.e of renl.rkable beau.y, .he iime,.o.e d.con,.jon, 

r1 ",1,. hau > n.ile lo„g. .-1* . maximom 

ol KW tell, rile maxiimim measured height ol the ee. mg is 

:MS tect.- 

--- . r. li 1 Xitional Park Ser\ice, Washington. 

19* ( .nlhliail ( ..'on -as made a National r.ark in 1930. 
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Since the floor of the Big Room lies only about 700 feet below the 
surface of the ground, tlie rock between its ceiling and the surface i> 
a relatively thin shell. The failure of the roof above caves produces 
sinks and some natural bridges, which are discussed in Chapter 7. 

A few caves are dry, but many, including some of the largest ones, 
contain pools of water and even actual rivers. Where rain water can 
readily penetrate into the caverns, and the relief is such that the sur 
face cuts into the cave formation in places, local run-off mas he di 
verted so that it enters and passes through the caverns, e\cniuall\ 
emerging at a lower elevation as a spring on the side or at the bottom 
of a stream \*alley. 


One of the best known underground streams is River Hall of the 
Mammoth Cave, Kentucky. It is but a portion of the great labvrinth 
of cavernous passageways, which constitute the lowest level of fi\c 
successive series of galleries in this immense cavern. I'his great sub¬ 
terranean watercourse is the gathering bed of the rain waters, which 

enter the caverns largely through thousands of sink holes that open 
down from the surface. 

AVhen Green River, the nearby surface stream, rises. River Hall 
becomes flooded, forming a vast continuous channel of water two 
miles long and varying from thirty to sixty feet in depth/’ 


Chemical erosion. Caves are visible evidences of ero 
sion by ground water. In addition there is an enormous amount of 
destruction by ground water that is not ordinarilv appreciated. 
About a tliird of the sediment that the risers cam- to the sea is in 
solution, and ground svater was responsible for the greater part of it 
Therefore, chemical erosion bv ground water significantiv decreases 
the volume of rock lying above sea level. In mans instances, chemical 
erosion does not actually lower the surface elevation of the conii 
nents, but it does make the rock much more porous, so that the 
forces of physical erosion have appreciably less material to remo\ e. 

deposits. Up until less than a half century 
^ all ore deposits were thought to he of meteoric water origin 
During recent decades evidence has graduallv accumulated fas o, in-, 
origin by magmatic svaters for these deposits, and economic geoh^ 
have altered their viesvs accordingly. The origin of the impo, 
^nt leadline dep^its of the Mississippi ^^allev. however, is still 
^pute. The chief producing districts in this region at the proem 
^^aearetf^oplm or Tri-State district in southwestern Mi,sm.n 

t'ndergxound.- „mon. 2. N. 2 . 



itheastern Kansas, and northeastern Oklahoma; and the south- 
tern Missouri district. Other deposits are mined or have been 
ned in Tennessee. lotva, Illinois, and Wisconsin. The zinc and 
cl ores occur in irregular bodies in limestone. 

Economic geologists are in general accord in ascribing to ground 
ter acti\ ity certain changes that have taken place in and adjacent 
ore deposits. Copper ores exposed in the zone of oxidation change 
nn copper sulphide to the soluble copper sulphate. This copper 
Iphate may spread through the ground water until the solution be- 
mes so dilute that the copper is dissipated. However, if the ground 
itor contains carbon dioxide or silica, the copper will be reprecipi- 


ted as a bright green or blue carbonate or silicate. Sometimes the 
Iters bearing copper sulphate work downward through the vein to 
loxidized sulphide minerals which reduce the copper sulphate and 
tuse it to be reprecipitated as copper sulphide. In this way the primair 
re body is enriched by ground \cater activity, a process known as 
solidary enrichment. Some of the richest copper ore bodies in the 
orld otve their great concentration of copper to this process. Cer- 
tin porphyritic igneous rocks (Chapter 101 in the Southwest con- 
lin disseminated primar>- copper sulphides, but the rock as a whole 
5 too lean in copper to be exploited. Hoscever, secondary' ennc - 
nent has so increased the copper content in parts of the rock that 
ninin<r is profitable. These ore bodies are called “porph>Ty coppers. 

Natural mineral borates, the source of commercial borax, are 
ormed initially in volcanic sublimates and closely related deposm 
mt mav be dissolved by surface or ground waters 

rbor Lnerah precipitated from capiliary ground crater 
eraptra.e, upon reaching the surface forming a crust over par. of 

crem.ca"umsion mav cause insoluble minerals scattered thr^gh 

L-Uenncai triuMu . Thirk limestones in some locali- 

the rotlis to (barium sulphate), an insolu- 

™;;,x".nd I'vlKu subjected “ '’'"“Tbe 

c;:tres— 

u ttttned reaching dt. sur^ 

(ace ...av deport.utera? compounds there. Ountandiug examples 
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of this are the spectacular terraces, cones, and other forms deposited 
around hot springs and geysers. The t.ater flo.s mg or erupting trout 
these springs cools, evaporates, loses its dissolved carbon dioxide, and 
as a result precipitates the solids in solution. Calcium carbonate 
forms layers and crusts of travertine, and silica precipitates as sili¬ 
ceous sinter. 

The limestone terraces at Mammoth Hot Springs in \ello\estone 
Park beautifully illustrate ground teater deposition at the surface 
(Fig. 28). Precipitation there has been aided by microscopic plants 
known as algae which are responsible for the bright red, pink, and 
bluish-gray colors of the terraces where deposition is going on. 
Where deposition has ceased, the limestone is rshite. The hot water 
that has built the high terraces pours over them in a series of cas¬ 
cades. The slowly enlarging deposits have encroached upon a rvooded 
area, engulfing large trees. 

Veins, geodes, and dripstone. Ground waters precipi¬ 
tate minerals in fissures and cavities in rocks. A fissure filled is ith 
precipitated minerals is a vein. Although note almost all veins con¬ 
taining ore minerals are considered to be hydrothermal in origin 
(from hot waters from magmas), ground waters have deposited manv 
veins of calcite, quartz, and even pyrite. 

Cavities in rocks may become lined -with crystals of quartz and 
other minerals by precipitation from ground rvater. Some of these 
crystal-lined cavities are round or egg-shaped and are called geodes. 
Other cavities that may become partially filled with minerals de¬ 
posited by ground water are vesicular openings in las a flows. 

Very beautiful ground water deposits are found in limestone 
caverns. The ground water entering such caves is saturated with 
calcium carbonate which tends to precipitate in the cave because of 
the escape of carbon dioxide from the svater and the evaporation of 
the water. In one type of cave deposition a multitude of individual 
crystals, which line the svalls and ceiling, appear like glistening dia¬ 
monds when a light is throsvn upon them. Another type is the drip¬ 
stone (Fig. 30). Water seeping through the roof of a limestone cav¬ 


ern forms drops which hang pendant from the ceiling for a moment 
before falling to the floor. The pendant drop exposes the maximum 
water surface possible, evaporation is thereby accelerated, and pre¬ 
cipitation of calcium carbonate takes place on the roof of the case. 
Eventually an icicle-like deposit, known as a stalactite, is formed. Tlie 
slightly shrunken drop that falls to the floor is immediatelv flattened 
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so that further evaporation and precipitation take place. A re\ erse 
sulactite, knotm as a stalagmite, builds up from the Hoor. E\ entualU 
the stalactite and stalagmite may join to form a calcite pillar. Drip¬ 
stone deposits exhibit many weird features. The glistening crvscals, 
the white columns, needles, pendants, and pillars make such places a 
subterranean fairyland. A description of a room in the Carlsbad 

Ca\'ems follows: 


Many places, like the Music Room, have formations resembling 
huge pipe organs, whose stalactites when tapped lightly give forth 
musical sounds. In yet other places the stalactites have grown to¬ 
gether laterallv, resembling curtains. Some of the curtains reach the 
floor, while others come but part way down, suggesting a stage cur¬ 
tain partially raised.-^ 

Cementation. A less specucular but geologicallv ini- 
j>ortant type of ground water deposition is cementation. Sandstones 
and other clastic rocks hold together because ground water has pre¬ 
cipitated minerals between tlie giains. The commonest mineral so 
deposited is calcite, but limonite and silica (quartz k are also pre¬ 
cipitated as cement. It is fortunate tliat the cementation of a sedi 
mentary rock is rarely complete, for tlie voids left empty arc a\ ail- 
able for storage of Avater, oil. and gas. 

o ' o 

,\n imusual t^-pe of cementation produces concretions (Fig- 31'. 
tightly cemented bodies of rock which range in form from the 
spheroidal or discoidal to the highly irregular and often bizarre. In 
producing concretions, ground water first precipitates the cement at 
some nuclear point in the unconsolidated rock, and then cementation 
moves outward in all directions. A sphere results if the rock is homo¬ 
geneous, but if there is greater permeability in one plane than an 
other, the concretion tends to become discoidal. The nucleus for a 

m ^ l)e a leaf, a sltell, some other type of fossil, or even an 
exceptionally large grain of sand. Rock Cits (Fig. 32), Kansas, is a 
striking example of the formation of concretions and their later ero 
sion. Spherical concretions svere formed by cementation of sand 
stone, and then, much later, rain svash, running svater, and wind un 
covered them. The concretions, because of greater resistance to eru 
sion, have not been destroyed, svhile the enclosing uncemented sand 
has washed and blosm away, freeing the spheres. 


* Glimpses of Our Sational Monuments, p. 8. Sational Park Serx-iee 1926. W 
ton: Government Printing Office. ’ 
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Ground Water 
Replacement. Another type of ground uater de{x.>i_ 
tion is replacement. This involves dissolving one tvpe of material and 
substitutfng something in its place. Ground waters are respmsih.e 

for both the solution and deposition. The action goes on p 

concurrently, and at any one time tire volume of the replacing and 
replaced material is exceedingly minute. A familiar example of 
placement is petrifaction, the replacement of wood or other organu 
material by silica. Petrifaction proceeds on such a minute scale t.iat 
markings, such as tlie annular rings of a log. mav not be destrosed, 
esen though the woody tissue is entirely replaced. Examples of peir. 
faction are fairly common in parts of ivestern United States. Petrified 
loos are scattered over an area of 100 square miles near Holbro-k, 
A^ona, and of this the government’s Park Sen ice has set aside 40 
square miles as the Petrified Forest National Monument. No standing 
petrified trunks or stumps are to be seen in this region, but ihe\ ( an 
be seen in smaller "forests ” in Yellowstone National Park, .\noiher 
tsqje of replacement is pyritization, in which pvrite an iron sul¬ 
phide) replaces fossils or otlier minerals. 


EXPLOITATIOy OF GROi yO TT.ATER SUPPLIES 

Water is an essential mineral resource. Its availabilits has decided 
the location of homesteads, communities, cities, and industries. Dc 
ficiency of water supply has stifled die growth of some communities 
and has led others to spend vast sums in bringing in water from 
distant sources. 

Water supplies may be classified into two tsjies. surface and 
groimcL Surface waters are used for domestic and industrial pur¬ 
poses, power, irrigation, and as a means of disposal of human and 
industrial ss-astes. The investigation and utilization of surface sup¬ 
plies is an engineering rather than a geological problem. Howeser. 
writer underground is a mineral resource as much as oil, coal, cjr gold, 

o r 

and both the study of its occurrence and the development of sc ien¬ 
tific methods of prospecting for it are functions of the geologist. 

Prospecting for ground water supplies. From oldest 
times to the present many jieople have invoked magic when a supph 
of underground water was sought. Several methods of harnessing the 
supernatural to this vers- practical quest ha\e been used. The most 
common of these is described in the following paragraph: 

WTien a farmer wants to sink a well, he usuallv casts about for a 
professional to tell him where to dig that he may be certain of strik 



d \cin of \\3tC'i at a moderate depth. Ever\'bodv, at least in rural 
f.-mnuiuiuts, h?s heard of the practice of locating underground 
"irtani' ot \eater by means of a forked twig which, in the hands of a 
fitted earner, points to such streams with unerring accurac\, and 
ti'ieic are lew communities that do not boast of at least one such 
practitioner. It is not so commonly known, however, that in earlier 
tunes the same means was employed to locate subterranean minerals 
and find lost or hidden articles, and even to discover and deiea 
criminals. 1 he tuig is known in English as a "divining rod'*. . . . 

1 he person usin^ it is often called a “dowser”; sometimes the terms 
water-witch and water-^s•itchin^^ are used. In its most common form 
the divining rod is a forked twig or branch of apple or willow or 
hazel—picsuniabh iv'.tcfihazel leould be most appropriate. With the 
rod in position, the dowser walks around over the land in which he 
is endeavoring; to locate, sav. a subterranean vein of water, and when 
he passes over such a vein the rod indicates the fact by turning in his 
hands and jx)inting downwards. Let the operator restore it to its 
nprii^ht [lo^ition and again and again it will persist in turning and 
pointing doA\invards. IE he moves awav and the rod is temporarily 
quiescent, it again becomes agitated and turns down whenever he 
crosses the \ein of water. . . . The disbeliever is inclined to ridi- 
ciiie the prformance. but as a method of divining it is a real cult, 
and to its disciples it is no joke.'* 

Searching for supplies of ground water has become a specialized 
M ience in recent vears. rather than a matter of faith and luck. A 
branch of the V. S. Geological Sur\cv is engaged in a study of the 
ground waters of the United States, and specialists in tliis particular 
branch of geologn . known as hvdrologists, are emploved on most 
major water-seeking projects. During the drought in 1934, se\eral 
luindred geolcvgists were emploved in midwestem states to supenise 
the .scan h tor liithcrto unknoten sources of ground water, and tliis 

^earch as suckcsstu! to a remarkable degree. 

Ti.L poMcduve in ground water prospecting varies somewhat de- 

■.viuiin ' unon \Wicthcr one is seeking a supplv for a few individuals 

uv! nc'i. ib Muuc si.Kk, or tor a supplv for a niunicipahtv. or an in- 

duona! plant, f. t a (itv supplv. a water-bearing formation or aqwfe, 

, .,p.,Mc ot tnrntdnna at le.ast hO gallons a dav for everv man. rvoman. 

and .htUl rcMtlin- in tluat citv must be found. 

Pi,, tme for water supplies in rock mantle is comparat.velv sim- 
pi, H tiu iKd k ts coscred with rexk mantle the elevation of the 
later table mno la dc termined. It must he high enough to intersect 


. ,1 W / : r.f Sr/.-.rr. pp 


12612S. Nen- York: D. 
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the lower part of the rock mantle at some point in the area, or the 
mantle will be barren of water. The second step is to map b> mean, 
of hand-augers or small power drills die eleiaiion of the bed-rr.k 
surface in the apparently more favorable areas. Because water floiv> 
doumhill whether it is on the surface or underground, the subsurt.ic e 
movement of water in the mantle is toward the loivest points on the 
bed-rock surface. .\n ideal condition for abundant under^Tound 
water is a valley in the bed-rock surface which has been filled ivuh 
rock mande, for rain water after percolating downward to the bed 
rock surface will move in the direction in which that surface sl(){)e^ 

and accumulate in the loivest places. 

In prospeedng flood-plain alluvium, whether built bv a still exis¬ 
tent stream or bv some river diat has disappeared, a series of lioles 
is usuallv drilled from surface to bed rock across the vallev to find 

j 

porous water-bearing zones. The widest, thickest, and deejx^st zones 
will have the greatest yield of water, provided tliat the j>erniea- 
bilities are approximately equal. 

Once the site for the well has been chosen, it should be dug or 
drilled to a depth several feet below the water table, for the uaier 
table fluctuates with the seasons and it is essential to ha\ e the lx3tioni 
of the well below its lowest level. Also, the pumping of a ^v eil makes 
a local conical depression in the water table. The deeper the lx>ttoni 
of a well, the steeper will be the flanks of the cone and the faster will 
the w'ater move into the well. 


The technique involved in prospecting for water in stratified ro<. k> 
is somewhat similar to that used in the search for oik The first step i> 
to determine the stratigraphic section or series of rocks present in liie 
district, paving particular attention to the beds tiiat might be aqui¬ 
fers. This study can be made from surface observations in regions 
where topography or folding gives a thick series of rock outcrops. In 
most cases, however, surface observations are not enou^'h. and die 
stratigraphic section has to be prepared through a studv of lo<^ < rec- 
ord of rocks drilled, with depths) and cuttings of wells drilled in and 
near the region for oil, gas. or water. These data gi\e not onlv the 
depth of the aquifiers at various places, but also their thicknesses, 
permeabilities (if samples are available*, an estimate of the amount 
of w^ter available, and perhaps some information as to its quality 

The second step is the mapping of the structure or inclination of 
the buried strata, to determine the depths of the 
of the region under investigation. 


aquifers in all paru 
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Next (oiiK's the diillinj;; nr dij^ging of a well at a recommended 
site. I, nloriunateiv. some wells fail to \ield the desired volume or 
cin.ilitv of w ater. Sandstones are likely to be lenticular (lens-shapedk 
and the a(|uifer sought for may disapjaear between the nearest point 
of information and the site of the lest well. Also, the degree of cemen¬ 
tation of a sandstone varies from place to place, hence the aquifer 
pierced bv the lest well mav be so lightly cemented iliai it will not 
yield sufficient water. In some cases the water, though quite abun¬ 
dant, mav be too highlv mineralized for use. Even in wliai is app^ar- 
ently the same aquifer, water may cliange in a few miles from fresh 
to salt. Lastly, the aquifer, although yielding water, may not be re¬ 
plenished at a sufficientlv rapid rate and in consequence tlie yield 
after a time will gradually diminish. 

Use and misuse of ground icater suf)l)lies. The uses of 
ground water are essentially the same as for surface water. Ground 
water is extensively used in upland areas where surface supplies are 
not available. The thousands of windmills scattered over the prairies 
and plains of the central and w estern pans of the I’niied States attest 
to the great use of ground water by town and country dwellers. A 
large number of municipalities also use ground w^ler obtained 
either from flood-plain sands or from deeper bed-rock aquifers. Deep 
sandstones are tapped for water supplies in such states as Missouri, 
Iowa, Illinois, and AVisconsin, but to the southwest in Kansas and 
Oklahoma the tvater in rocks of equivalent age is too highly mineral- 


ized for use even by stock. 

AVater that is merely hard can be successfully treated. The on v 
water available in many parts of the United States is hard, a^ its 
use causes much trouble and expense. Special soap mav be used, a- 
thoiK-h tire average citizen merely uses larger quantities of sundard 
bran^. Also the dissolved minerals tend to precipiute m p.^, 
tanks, and boilers. Many industries that cannot use hard water either 
has c to be located schere soft scater is available or must install sohen- 
ing equipment where hard water is used. Many municipalities have 

their sas ings in soap purchases alone have exceeded die uxes lesicd 

to operate and amortize the plant. 

Ground scater is used for irrigation in many district, bu not m 

e«e„sivelv a, surface sca.er, Where the deprhs ■» 

50 feet, it has been found feasible to pump ground vsater and thereny 
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convert grazing or grain 

tmck 


Ilf 


per 


_ fruit farms. 

The people of the United States are beginning to realize t 
around water is a great natural resource that should be con^rA 
OriginaUv it was believed that ground water, if present at all 
inexhaustible. The farmers who pumped water from t.eneath 
Great Plains for stock and irrigation were told that ilie water < j 
from the melting snows of die Rocky Mountains and Uiat Uie >up 
was everlasting. Drilling for both water and oil in the Great PI. 
area has subsequently altered this concept. The great sand and sa 




that carrv water in this reg 


stored in a large 


#:#:i 


therefore cannot function as a pipe line from tlie Front Range ot liie 
Rockies to city or farm welk on the Great Plains, .\dditional e\i- 
is given by records made of the pressures in w ells in this region. 
Many wells when drilled struck water under such head that thei 
flowed; but now thev have to be pumped. Other welk in which the 
pressure forced the water close to the surface now have to be pumped 
bom much deeper levels. Obviously, water is being removed fastei 
than it is entering these aquifers. Some of the sainlstones mav nt>E 

have any cxMinection with the surface a 
nity for replenishing their supply. In this case die buried reserv oir i; 
slowly but surely being emptied. The volume of water that mav be 

• of sandstone is enormous, so complete exhaus 
ci on tatf< sev'eral decades. For example, a 50-foot bed of sandstone 
with a porosity of 20 per cent, when filled with water is equivalent i< 
a latf 10 feet deep. In every square mile of such a samdstone. enough 
wauer is stored to give over 50 gallons of water a dav for a vear tc 
each individnad in a community with a population of 100.000. 

Unless protective meaisures are taken, the oudook is rather gloomv 
for parts of the northern Great Plains region where ground water! 
are the sole supply at present, and these waters are being withdiawr 
faster than the aquifers are being recharged. More use will have to lx 
made of surfoce supplies where available in order to diminish some 
vdiat the amount ol water being withdrawn from the ground. Ol 
mudi greattr importance, however, would be the institution of ; 

recharging the aquifers through diversion of surfaci 
ter. This could be done by means of welk drilled to the aquifei 
o whidi wrater would be directed that would otherwise ev aporau 
escape down the valleys to the sea. Recharging is already Ijeinj 
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racticed in parts of California where the natural reservoirs are 
eposits of vallev alluvium. 

It is likewise of utmost importance that pollution of fresh ground 
v'ater bv oil-held brines and industrial wastes be presented. Due to 
he slow rate of tra\ el of water underground, such polludon may be 
er^- insidious. Its effects may not be noticed until years after the pol- 
ution takes place. Most oil wells produce brine as well as oil, and the 
)rine is separated from the oil and disposed of at the surface near 
he well. Disposal bv means of evaporating ponds is attempted in 
nanv cases, but most of the brine hlters down into the soil and con- 
aminates the ground Avater. Oil wells that are poorly cased permit 
he rising in the well of deep brines under.artesian head, which enter 
nto and pollute higher fresh water aquifers. The same thing hap¬ 
pens when wells are abandoned and improperly plugged- The groumi 
tvacer in entire counties in Kansas and Oklahoma has become unfit 
for use through contamination bv brines which originated in deeper 
Formations but which were allowed to seep into the shallower forma¬ 
tions during tlie exploration and development of oil and gas fields. 
Although it is too late to do ansthing about the areas already pol¬ 
luted. abatement is quite possible in regions undergoing des elopment 
todav. Abandoned wells should be properlv plugged, and the brine 
produced witli oil either evaporated in leak-proof ponds or returned, 
by means of disposal wells, into deep salt-water bearing formations, 
preferablv into die formation from which it came. 
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Rl NMNG water is the PRINCIPAI EARTH 

transporting medium. The ri^ers of die world are teaselessb. at 
work carrying material from the lands to the sea. Given tinu; 
enough, the continents and islands would be eroded below sea le\ el 

by the combined action of all die erosive agents. 

Running water produces our most familiar topographic features 

such as valleys and the intervening ridges, hills, and mountains. .\i 
the bottom of most vallevs are plains, which are extensivelv utilized 
for farming, towTisites, and routes of travel. Running water can be j 
very spectacular geologic agent: a stream in flood may noticeabb 
change the local tojxigraphs in a v ery fesv hours. 

SOURCE OF WATER 

Practically all the water running on the surface of the land has ai 
one time fallen from the atmosphere; a minor jxirtion is added bi 
volcanic eruptions which bring some water from the deep interior 
The water which falls onto the earth as precipitation is a part of ai 
endless cycle. It came from the clouds, which are formed bv conden 
sation of water vapor in the cooler temperatures of the upper air. anc 
the water vapor was derived by evaporation from the earth s surface 
Naturally, evaf)oration is greatest from the oceans, which cover three 
fourths of the globe, but water is constantlv being esapxarated als< 
from rivers, lakes, stvamps, plants, from the soil and rocks, and fron 
snow and ice. 

Precipitation falls as rain, snow, sleet, or hail. Part of the rail 
water runs off immediately into the various river svstems of the earth 
Snow, however, stores water until thawing takes place, which ma\ no 
be until the follosving spring or summer. Consequentlv mans ri\ er 
draining mountainous areas reach their maximum \olumes durin: 
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he summer months. Not all of the snow falling at high altitudes and 
n high latitudes tliaws: some of it is converted into ice, part of 
\ lu(h foMii glaciers. Glaciers move into warmer zones, and their 
nargins reach levels ^vhere thawing occurs. Rivers that have their 
leadwaters in mountain valleys containing glaciers obtain most of 
leir water from melting ice. 

O 


Precipitation upon reaching the earth’s surface follows three paths, 
iomc of it e\ aporates. some enters the soil and becomes ground water, 
ind the remainder joins the surface run-off. The percentage of water 
that evaporates depends upon the temperature, humidity, wind, and 
surface conditions. Other things being equal, the higher the tempera¬ 
ture and the lower the humidity, the greater the amount of evapora¬ 
tion. However. c\aporation also takes place from snow and ice sur¬ 
faces. and it is possil)le for a snow or ice field to be completely dissi- 
|)ated in this manner even though the temperature never rises 
\uiiu icntlv high fur thawing. Humiditv is the amount of moisture in 

O O ^ 

the air. If the air is already saturated above a given area, it cannot 
accpiire further water vapor by evaporation. The wind plays a vital 
part in e\aporation. If the air is quiet, water-saturated atmosphere 
mav o\ erlic areas of potential evaporation without adding to its mois¬ 
ture conieni. but if the air is moving so that unsaturated atmosphere 
is (onstaniK brouglit in. evaporation occurs. Evaporation takes place 


in arid regions c\en wlule rain is falling, and, in extreme cases, rain 
which starts from the clouds mav be completely evaporated in the 

low er a ir heioie reaching the ground. 

Seceral fat tors ( (introl the fate of water after it falls on the sifrface. 
riie prime (ontrol is topograpliic slope, for the greater the slope the 
faster the water runs off; hence a minimum amount remains to be 
twa[.oraiecl or to sink f.clow the surface. A’egetaiion is a second con- 
,,,.1 ,.t almost ecp.al ,r.nsequenre. ^^’ho has not taken slielter under a 
tree du.mu r;,in? Such sl.eltcr is effective until ever>- surface over- 
hc.ul h.is l.eeu to:ited with a film of water, and some leaves, by their 
vh.iiH .md |.osition. mav hold tins pwls of water. Much of the water 
f ills lo tlie .'rnim.l ivhcn the leaves are shaken by the wind, but, even 
, 1 , 0,1 te.ulus the ground less violently and in smaller quantity 
,, „„ „oes we re present. AVater films coat not only the trunks 
os and le.nos or needles of trees, but also the surfaces of 

TI,crclo,e. .I,e amount oOaiu.al, uva,»mted ts 

:.,oaier and tlie runoff less in region.s covered with vegetation. 
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Furthermore, vegetation retards the rate of runoff, an elfeet ntu. s 
;n-eater on gentle tllan on steep slopes, ^\•ater chee ked in its dou nhin 
?ush on moderate slopes bv growing and fallen vegetati-.n is .o.ul .bu 
for evaporation and downward seepage into the soil and kh k. \ i ge 
ration abo increases die thickness of the p<arou-s x-'d /one b\ .uidm, 

layers of organic debris. 

We have onlv recently begun to appreciate tlie mlt ol xc-^t r iii- n 
in controlling runoff, ^^anv parts of the countre during i!,< !.ot I ' 
decades have sufifered from excessive soil erosion, •guih.ing. 
and other disastrous effects of abnonn il runoff caused lo . uiu\ a! n :. 


overgrazing, and deforestation. 

Another factor affecting the runoff is tlie tbarat tcr of v»il or !•»< ^ 
at the surface. Sandy soil permits much nioix water to |Hrnil.iii 


throi^h it than does clay soil. Fractured liniestoiu- 
than unfractured shale. \’esicular lava furnishes 


IS more l*ei \ loio 
more numerous 


channels for water than most other rock. 

Runoff is also controlled bs the rate of rainfall. .\ hea\ v rain will 
soon fill the open spaces immediatelv below the surface, >-o I'lat fui 
ther addition is impossible until the water in tliese jiores empties inio 
lower openings. Therefore, two incites of rain falling in one lioui 
contributes more to the runoff than two indies failing over a ten 


hour period; the farmer recognizes this fact by referring to the for 
mer as a “gulley washer’’ and to the latter as a ground viaker. ' 

A major source of runoff is ground water, ^\■hcre hilUides .ind 
valley' walls intersect the water tabic, giound water emerges as x r|i> 
or springs and becomes surface water. In humid regions tliis is .1 
steady supply if die rainfall be distributed railter e\ enl\ thiough th« 
year. Where considerable seasonal variation in rainfall o<curs. ilu 
water table may fluctuate to such an extent tliat it lies .ilxne to[>«» 
graphically losv points during and following the rains season .and 
-contributes to die runoff, but, during the drs season, it sinks IkI.wv 
the land surface at all points so diat all seepage or flowage onto the 
surface ceases. 


COURSE OF THE RVyOFT 


Runoff, regardless of whether it originates from local precipitation 
or ground water, moves downhill, collecting into streamlets whi<i. 
join to form larger streams. The streams follow depressions uhidi 
they have carved out or which have been formed in other w.os 
Streams are either intermittent or permanent. An intermittent srre.im 
occupies a valley that cuts the water tab'e onlv during die wet se ix 



>f the year hen the water table is high. It also carries surface runoff 
ollowing a rain, but this supply is short-lived. Permanent streams 
ue steadily fed bv water escaping from the ground-water supply. 
Most streams arc intermittent near their headwaters and permanent 
farther doAvn, but a mountain stream fed bv melting snow and icc 


ma\ be permanent e\en at headwaters. Some streams, rising in a 
mountainous area, flow into an arid region with low' water table and 
lose part or all of their water in the unsaturated debris below the 
stream bed. The nature of the floor over which tire w'atcr passes 
determines to a considerable extent the amount of the loss. If the 
stream bed is covered w iih gravel, sand, or other porous materials, 
all of the Avater mav disappear. A tight clay floor, on die other hand, 
prcAents much seepage into the ground; hence die principal loss is 

bv evaporation. 

A river, its tributaries, and subtributaries constitutes a nt;er sys¬ 
tem, and the area drained bv a river svstem is its drainage basin, A 
map of the basin sliowing the river with its many branches displays 
the drainage pattern of the river system. The complexity of this pat¬ 
tern depends upon climate, vegetation, character and structure of 
rocks, and age of stream, A Avell developed drainage pattern, in a 
region Avhere the surface materials are approximately alike in their 
resistance to erosion, branches like a tree and is called dendritic. 


PROCESSES 

Erosion. To erode means literally to “gnaw off.” It is 

a term used bv geologists to include transportation of weathered rock 

abrasion of the fragitients bv contact with each other, ? 

bedrcHk over which the fragments move, and solution of wluble 
materials. F.rosion bv running water has two principal phas«. One o 
these tv the wearing down of interstream areas bv sheet u'osh; Aat 
bv surface runoff before it becomes concentrated in a 
sl,eet of ram waier running down a sloping surface wi pick up and 
iransfrort small particles in its path, as a rain storm will remove dust 

-il ..base of erosion by running wat^ is the deve^^ 
,,, V illcv bv sircuns. Once the runoff water becomes concentrate 

;::strea.n. no.nailer bovvsn^..^..«^ 

„t the most .miM.riant geological - 

"Vh^thdliv^s: Z m 12 S channel is dependent to a large 
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extent upon the speed or velocity at wliich the water mo\es. \ t 
in turn is determined by a number of factors of uhu h the inoM si^ 
nificant is the slope or gradient of the stream bed. A ri\er liavint' a 
steep gradient moves much faster than one flowing oxer a inou* giad 
ual slope, and its potential capacity for work is niudi greater. I lie 
cross-section of the river channel also governs the xeUniis to s<Mne 
extent. Other things being equal, a given xoluine ol water running 
doxvn a narrow channel xvill move faster than xvheii sjuead o\er a 
wide channel. Water, like any otlier moving subsiaiue. is iviaided li\ 
friction and tlie greatest xehxity prevails where water has a mini¬ 
mum area of contact xviili the bottom and sides of the < hannel. 

River velocity is also controlled bv xolumc of water. .Vs the xol 

4 • 

ume increases, tlic frictional resistance per unit (ju.nuitx ol water 
decreases. The water moves faster. Furthermore, hnal imrease in 


volume produces a steeper slope downstream at tlie water surface, 
greatly accelerating the rate of flow. In manv river sxsicms increase 
in velocity resulting from increase in volume l)etween heacluatcis 
and mouth is more than offset b\ a dec reasc in giadient. so that the 
water does not move as fast near the mouth ns it does near the sour* e 


The importance of volume in controlling sekxitv (an he f)hser\ed 
best by watching a river at one point through seasonal \ariations in 
0OW. The velocity of a sluggish stream often increases to such an 
extent during high water that the stream does great damage to its 
banks and to property IcKated within reach of the Hoorl waters. 

The load of sediment carried by a river also affects the selcKiiv 
since particles sinking toward the bottom retard movement of ilu 
water. Also the sediment dragged along the flextr and sides of the 
channel increases the frictional resistance. 

Lastly, the character of tlie ffcxii cixer is'hicli the ri\'er pa.sses exer* 
cises some control over the stream s velocity. .\ smcxith rcK k floor will 

offer less frictional resistance than a rough channel or one d'Jgged 
with Tcxk debris or vegetation. 

Channel cutting involves two separate processes. One is Indraulic 
action, or the impact of water, which flushes unconsolidated material 
or weak rock dosvnstream. The other process is abrasion, or the wear 
ingaway of rock by sediment which the stream carries. A clear stream 
is not able to abrade effectively, but a stream earning sediment 
sandpapers” the rock over which it passes. Therefore, water running 
over resistant rock must have tools with which to work if it is effei 
lively to erode that rock. The proportion of a river channel where 
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Running Water 

soluble rocks, such as limestone, dolomite, and g^psum, as it 
across them. Sandstone cemented by calcium carlx^naie ma% haxe the 
cement dissolved so that tJie rock disintegrates and loose sand is made 
available for removal. A CTeat volume of material is tarried I'v the 

O 

rivers to the sea in solution, but most of this material was dis>oKcd 
in ground rvater which later joined the surface runoff. 

TraTisportatiori, Removal of rock debris and otficr 
material is an essential pan of the erosive process. Rivers can v an 
almost unbelievable volume of sediment into the ocean evtn da\. as 
has been shoum by anaivses of water sampled at river mouths. In the 
United States alone, more than 300 freight trains, each consisting 
100 cars and making one round trip a dav. would f>e required to 
carr>' the material tliat is transported bv the ri\ ers from the uplands 
to the sea. 

Although some of the material carried bv streams is obtained 1)\ 
abrasion, most of it is weathered material alreadv available. Fwn 
mountain torrents have more l<x>se material available in tlieir than 
nels than they can carrs awav. Wcatheririz not onl\ up u itli tor 

agents of remoi'al but is usually far ahead of them. Some of tlie 
material that slides and rolls into the channel of a stream is i--) 
coarse for the water to move. ^Veathering and abrasion break it d< 'u u 

into smaller and smaller pieces until movable fraginenis are pr«> 
duced. 

The volume of load that can be carried bv a stream is a functi* >n 
of the velocitv and volume of the water. lncre.ase in vel-x itv and in 
crease in volume augment the amount of load that a stream can 
carry. Volume increase is invariablv accompanied bv increased \elo 

city, as explained earlier; hence the load carried bv a stream is mul¬ 
tiplied many times when it is in flood. 

Material is transported by rolling, sliding, saltation, suspension 
and solution. The debris rolled along riser beds ranges from Iai..c 
boulders to small grains of sand or clay depending upf»n the sel.x us 
of the water and the size of available particles. river in flixxl i.ui 
roll material dossm its bed that is far too heaw for it to handle clui 
uag normal flow. Consequently, the coarser fragments travel doivn 
so^ui a series of moves. Rolling on the river lx>tio,n causes t on 
stable wear, hence boulders and smaller p.m.cles tramtx.rtcxl .r, 
this manner decrease in size and become well rounded. 

Water pushing against angular fragments mav cause them to slide 

instead of roll. Saltation is movement in a series of junqis; nx k oar- 



^ Geologic Processes 

Ai e .iliernaielv pi* ked up and dropped bv the stream cuirmtt, 
ut e.u h tniK mkIi particles are lifted off the bottom thes arc car- 

led dou nsiream. 

Manv turbulent mountain tributaries dump boulders of such mag- 
iiude into the main river that the latter, because of lower gradient 
nd lesser vekxitv. cannot move them except in times of flood. 

The intermittent march of sediment to the sea is especially ob- 
enable in the case of sand. Operators of dredges obuining sand 
rom river channels report that the supplv is replenished by each 


lood. 

Material in susf^ensioti is neitlier floating at tlie top of tlie water 
lor bein^ dragged along ihe bottom, buf is suspended" betsveen. 
sediment is heavier dian svater and has a constant tendenev to settle 
>ut. but it does not sink straight down, because of die currcni. It set¬ 
tles in a sloping direction, the angle of the slope depending upon the 
^hape of the particle, its weight, and the velocity of the water. \en 
n.,, mineral sraini. sud, as seale, of mica, offer more resistance to fall 
in i,aler than sphetkal grains, and therefore sink vers slowiv. Cmld. 
because of m tteight (specihe gravits,. tends to sink raptdiv and a. a 
Sleep angle. The greater the velocity of Uie tvatet the gentler the slope 

follosved bv a particle in sinking. 

However, in spite of its tendency to settle to the bottom, sediment 

mav remain in suspension in a river for the entire distance to the 

r torTpward cui^ents caused bv deflections of the nver current as 

u passes over obstructions in die channel keep boosting 

Th'e unevenne^ on Ute «.»r mat ^ d» to 

Te presence of bottlde.. cohhles. and pehf,^^™ ^ 

Suspended matet lal also mat tra ^ u flood than during 

dresTnorarfl"^^^ ‘“P"" 

^1,:' S: rfS^tents varies greadv 

Of a ■ J boulders nvo or three feet m 

" "even -.er. dos.^ 

mouth of the of s^t and clay. Differences m 

flexxi. consists main ^ The hcadw’ater streams, m 
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spite of their relatively small volume, how over steep slopes and 
have much higher velocities than has the Alississippi Ri\er, with its 
average gradient of less than eight inches per mile. The tvpical ri\ er 
gradient, tvhen plotted on paper, is a smooth cur\e w hich is steep at 
the source and levels off toward the mouth. Actually the floor of the 
channel is a succession of stretches of different gradients. 

Quite distinct from the material that travels by rolling and sus¬ 
pension is the load in solution. About a third of the total amount of 
material that the rivers daily carr) to the sea is in solution, riie di^ 
solved material travels w ithout stopping. 

Although rivers carry millions of tons of dissolved materials in 
solution, rarely is the concentration sufficient to affect the taste of the 
w'ater. However, a few' rivers that drain salt-bearing rocks are no¬ 
ticeably salty. River water throughout the Mississippi \"alley area is 
very “hard” because of the presence of calcium carbonate fdissoh ed 
from limestones) and other compounds. 

Deposition. The final step in the w’ork of running 
water is the deposition of the material that it carries. Deposition re¬ 
sults principally from decrease in selocity caused bv (1 j decrease in 
gradient as the river proceeds toward its mouth, (2) decrease in \t)I- 


ume of w'ater, or (3) increase in load. Abrupt changes in gradient 
take place principally where a stream emerges from a mountainous 
region onto a plain, or where it flows into a lake. Less abrupt but 
nevertheless effective changes in gradient take place as the mouth of 
a river is approached. The lower end of a riser may ha\e attained 
base level, in which case further downsvard erosion is negligible, and 
deposition takes place. Changes in gradient along the course of a 
stream have an immediate control over riser velocity and conse¬ 
quently an imporunt effect upon deposition. 


Many rivers increase in s’olume consistently betsveen headsvaters 
and mouth because of the influx of svater from tributars streams and 
also, m many instances, due to greater rainfall nearer the coast. In such 
cases, there ss-ill be no deposition that is due to decrease in velocitv 
through loss in volume. Hosvever, there are streams that do suffer a 
loss in volume between their mountainous and well watered head 
waters and their mouths because they pass through an arid or semi 
and zone where there is greatly increased evaporation and a de¬ 
pressed water table that permits the escape of river water into the 
soil and rock Many streams in these circumstances, like the Arkan 
sas in Colorado and Kansas and the Platte in Colorado and Nebraska 



the Great Plains of the United States, are choked with sedi- 
it nr hetv, eon tlic R- vG M-nintain tToni and the more humid areas 
t ti.e Mi^>i>>ippi \’allt\ because of lessening of volume. 

Tlic load "t a ri\ er otten is increased through die addition of sedi- 
leon can ied l>v a tribiitarv . Ttie iributar\ stream mav have relatively 
r ail \olume but so hi^h a vehxitv that it transports a heavy load of 
ediment. In spite of the greater ^olume of dte main river, its lesser 
radient mav not e the veater sufheient velocity to moae the added 
ediinent. and deposition takes place. The material will be dropped 

mnicdiaiclv belovc the mouth of tiie tribiuarv. 

Dcp*>ition also takes plaie in lakes that exist within the drainage 
eion i*t a vivcr: and voluminous deposition, forming deltas, occurs 

vhere streams enter the (xean. 


Nl' ♦ 


RESI LT5 Of EROSIOy BY Rl'WrVC IT.^TER 
ra h", A vallev is an elongate depres- 

,„.n a continunu>. but not necessarilv comisient. slope in one 

dnection. It is .x.upied bv ciilier an intermittent or a permanent 
<n c UM \ alless iveie once considered cracks ivhich opened up sud- 
dcnb' tn the earti, s crust, but no. ice realize that diev have been 
, ,ntd be the streams fl.ncinz throuah them. Who has not a 
•uih lormO in l.-.sc soil bv the runoff from a single heas^ doivm 
j-ur:- Tln^ is an example of vallev forming, though on a small scale 

lud at .in unu'Uiliv lapid late. __ 

Mile. K jins >.l.en runoS become 

I 1 r~»^.lnr and the ravine mav ercntualh be en 

- >aUo, Wl.ile >allev a. am go« 

... „..ung back a. .he source. Th. 

^'T'’" 7 '™,,u.i.c<i m b„.i, do.vmva,d a.|d b.e.ai 

‘ n' 1 m ud . r. ..ion is the vertical cutting done by tlie 

11 X-. doicnuard erosion appears to domi^ 

^ netiulh it has i-ausedtlie remote ol 

n..ie '.n tiie oumii- o . . benvecn the bed of the 

, rel.ui'ch inv! ^ ^ 35 been removed 
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;li"\ iiu Vc].iLi\e]\ fast, u^u- 
■ : I :v ii in tlu^ liianiR-l. inakt's ? i.'aris. If tlie 

i 

: ' -i' -- 't VRv - t h'i\\ t.t;ls ihc'^c .tie as >. 

- - -v'-ra-;. ‘.r. ■■) IS Lalicd a a r'- 'r..;. Falls are formed in 

^ I streams nia\ enter tiie main \ al]ev bv a series 

v. :R:a.- ef 'si- n. ^itiier b^ runniiu vsater or ice. has deepened 
L :'.'.;:in \ .ihe’^ :■> .t ersatev extent tiian the tributan \allev. Most 
- v e^er. are ette :tr.e r-assina “t tlie channel fr-jm resistant 
t'■ t'l \ .X i;,it is ciati’'. eo s 'it. A> tne '.weaker roak is cut deeper, 
.e '.sate!' la'.'.s ■ ev the i-dae >.i the resistant rock. If the strata are 
it-h'iiU- ti'.e ■•'.atsv :‘'-t;ndin^ <*11 t:ie teeaker rock at the foot of the 

A 

’.h iindev. .;:' t'.te rc>i>tan: top ledae so iliat it eraduall\ crumbles at 
;e do •: :':',e ra'.'.s. As time a-'co --n. Ratcrlalls of this t^pe recede; 
at iv :;u'. ot oe tite \ahec. Tlie same pn.‘cess takes place if the 
ate tilted so tiiat ihe\ dip in an upstream direction. In the 
tter case. '^■'ever. resessian is accompanied bv a tn'adiial low- 
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ruio ot the fnlls. A ]elaii\elv hard rock stratum or an igneous dike 
anding in a \ ertical position makes waterfalls that will not recede, 
ut w iW be gvaduaih worn down. Of course, a river can not erode 
[^stream from a fails below the lowest point on the lip of the falls, 
\ en though the rock upstream bevond the obstruction may be weak. 
L temporary base level is thus established, which continues in effect 
s long as the falls exist. \Vaterfalls art temporaiy features, even con- 
idering the life of a river. The forces of erosion eventually either 
ut through or into the resistant rock until its obstructive effect is 


iestroved. 

Falls may be responsible for the cutting of fwt'holes (Fig. 35), con¬ 
ave depressions in the bedrock surface at the foot of a waterfall. Pol¬ 
icies are worn bv churning boulders agitated bv the falling water. 

o o • * o 

^Waterfalls create some of our most beautiful scenic features. The 
)lungiug torrents are also of great practical importance as a source of 
)OAver. The United States contains a large number of waterfalls, 
iome in the mountainous states of the west drop from great heights 
Fig. 36k The most famous falls in the counm\ however, are those 
)f the Niagara River in New York and Ontario. Just before reaching 
he brink of these falls the river is divided by Goat Island into two 


rhannels. one of which lies in the I’nited States. The .Ymerican Falls 
s 1400 feet wide. Water passing over the Canadian or Horseshoe 
Falls drops into the lotver gorge of Niagara River from a semicircula’ 
nink about 2600 feet in length. The vertical height of Niagara is 
thont 165 feet. The magnificent \'ictoria Falls of die Zambezi River 
in Africa, first glimpsed bv David Livingstone in 1855, far exceed 
Niagara in magnitude. The Zambezi river drops 420 fet from a 
basalt-capped plateau into a deep gorge. The channel at the brink is 
ox er a mile in width but is broken bv a number of islands. The great 
heioht of \-ictorKi Falls, combined with the enormous volume of 
water carried, makes it the greatest in the world. Seen by few peop e 
until a relatii civ short time ago. it has become much more accessible 
since the consttuctinn of the Cape to Cairo railroad, which bridges 

the canvon a short distance belou the falls. 

Pir,u \. The theft of water from one river by anodier 

is called piran. In the headward growdi of rivers, the ^ 

t Zer elcwanon than a small stream and. as it and tts tributaries 
t -.rrl tluA cut into the drainage areas of other streams and 
Zu:. Of curse, the vallev below the point of piracy is not 










T f 


• I • * 

t 


. » 




f 


\ ' 


? 


» « 


r • f .!'^ !•: tl: . 


1:, 


. »rvi 

t ‘ ' i * n I 


. .:: W 


•■■ r -1 \ - 




\f 


» s 


i. X 


: VI 


• • «. 


. ^ 


^ .1 ^ 


9 4 

» . • r ' ' ^ 


'■! 1 


i » 
« « 


« 1 


’ M 




i T 


•t 






./ 




1 ) 




i 4 . . .t . 








• 4 . ' V X ’ X 

\ c .r.' e: -.r_ .: 




» « 


1 • 


I 

1 


‘ t rc‘'>\t!V 


K 


« 


, . N 


T I 


:' !u:.i- .(.• r, < t 


' I 


JVM 


\ X r 


' .r:c. *'■■ • 


» • * . * » 


• •> 
• « 


* • 




i . .1 






y y 


. 1 • i* . I L 


titi! .> 

' : l • 


I . * -• . 1 M 


, VN 


r 


. C. .: 




V'.c; !•■ ‘V .Vt; »' 5 


« V » ^ 


i K i . 


T' • • . * t .. X 

« •••V • 


. * • • • • 

. \\ Ji 


- t. 


' M K 


• • ^ 

{ •, 


> 


; I i i I ' ' t. J( ' 

< > i’.' JH 


t • • 


! 


A * H 


- s 


-n: .i c: m n. uv. 


!.t.!{ V. IS-, ill •. ! »'f: 


!!r Vr: r is};*, t ulrV. T • *. 


» 




• X • ‘ 

. k « • • 


...S*** • i m V. 


:!< !znt'’ti< 


r •ws 


'-. y 


IM t 

i cvviiv * V t :■ 'V- .;; -rv 3 i-si^ 

4 « 

:iMVinic>. .vt rt.s:sT.int zli-in scOnvcnt.jiA vxxs liKiut, 

r. ' .vv.t-s. T vi't' and rn •■int.vns :i3 1 » >nt..nrHn^ 


... v> 


• s 


Ido- 


,1 


ana Mranticd t-xk' ‘t \,irvj]K h 



Running iyater 

sistance erode into distinct topographic forms, the shapes of tciuch 

depend upon tlie structural position of the rock.' 

Mesas are flat-topped hills or mountains (Fig. 41 .. Thev are Immcl 

only where the rocks are stratified (layered), and the strata, hon/a nr 
tal or nearly so, are of markedly unequal resistance to erosion. The 
•‘cap rock” of a mesa is invariably more resistant rock, such a. sand 
stone limestone, or lava. The underlying, weaker, soft rock exposed 
on the sides of the mesa is eroded by wind and running ivater. . Vs ihc 
sides art cut back, the resistant cap rock falls off in large iragnieiits 
which loll to the bottom of the slope. When the mesa has slmink in 
area so that but a small remnant of the original cap remains it n 
known as a butte (Figs. 42 and 4.T). This term is also popularly 
applied to other types of hills. When the cap rock is completely 
destroyed, the forces of erosion have free access to the less resistani 
underlying rock and the hill is soon destroved 


Differential erosion of flat-lving sediments ol unccjual resist; 


me c 



Fig. 40. Hard granitic rocks in background erode diHerenti.clls to jtroduo 
mountains. Near-vertical hogbacks of sandstone at right center. 1 rout Range 
including Pike’s Peak, Colorado. By H. L. Standley. 



ri-. -n. Untie '^r snuil nus.. u>eJ a> vi!la:;c site bv Imban tribe because of 
\ Vv-en... Ntv. />' , ■ ; "i:"'"'; .i.J Phoio^. 


.uitux'i'i'inc on ihe >ides ot a vallev creates rock beuches (Fig. 44'l. 
K (.li known cxaiiijiie is the Ciiand C anvon of tlie Colorado, where 
UK c\.di> con'i>t ot a >eVKS cd steps Ivoin tlie rim down to the riser 
c ioacfl in liK’.n.cime le'i'iant sandstones and sreak shales. 

nitleveii-i.ii C, 'll prc^hkcs an entirelv dirterent tspe of topog- 
r.ipliv ■,oKVv, VO, S' o! \ar\ine resist.iiue are tilted. If the straui dip 
^uejk\. LioiU 'W ikL^' known as hocb icks are produced. The rela- 
ticeK h.n,i Vap usk. ' which is tilted in conlorinitv with the struc¬ 
ture oi UK lock'. i..!in'the Mirt.ueof one flank (the s/ope) of the 

|„„h u k 1 1 I" . T lice underh ine softer rock exposed on the other 
,1 ,nk'i' crodwc! c.'Kv than the cap roc k.' the latter is undercut and 

tHcak' o:l in Ir.c oiuno winch roll to the Uku of the slope. C^nt.nua- 
,.| ,iH' pro. c". .dtlu.ueh n doe> not totally destroy the hogback. 
I,,,,,!' It' 'iunnin Ckv ation. whereas the summit elexauon ot a mesa 
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is not altered until the mesa itself is destroved. Hogbacks coninn»nl\ 
occur as a series of parallel ridges l>ecaiise of alternation * »f rc>i>tant 
and weak rocks iFi^. 43.) Such features are characieri'tic ot aieas 
underlain bv folded sedinientars rorks'as are pans ot the Aj^p ua- 

j 

chian Mountains of the eastern United States. Rhers «Ktup^ \ likvs 
benveen hogbacks. The tributaries on one side of eat h "t tiiese 
screams cut their vallevs in the relativelv soft nxk iindeiKini' tfic 
"cap rock,” whereas tlie tributaries on the other side <»f the <i vava 
flow dowTi the dip slope of the rock c^ppini^ the next hojjbat k. I he 
tributaries are relativelv short and flow into the parent stream ncari\ 
at rig^t angles. The tvpical stream pattern in a hogback rc^i^ 'ii 
called trellis because die main streams lie parallel to each other and 
the tributaries come in at. or nearlv at. right angles. 

C7 ^ 

Desert land forms. The arid lands of the southwestern 
pan of the United States, from the Great Basin southward into Mex 
ico, exhibit mam erosion fonns different from those occurring in 
more humid regions. Scattered mountain ranges with intennoniane 
basins are the rule. Between die steep mountain fronts and the rela- 
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sediment in the oceans, and thercf«)re ultim.ate le\cl is hmi 

than base level established bv present sca le\el. .\ bike e-'t.ib!i^:a- 
temporary base level for entering' streams. tem{>orar\ bei .one mo 
tuallv the outlet stream uill cut its channel to sulhiitiu deja'i 

4 



Fl- 44. Dlsseetion ot pl.iu-.ui nirl.Ke.l v .tli l a.,, ,,1 , 
flat-lving ■c.ip ro.k.- The onu,„ ,,, h,,,,. . /; 











































































Fig. 46. Bryce Canyon National Park, Ut.ah, from Inspiration 
extreme example of badlands. Court,sx Uuiim Punf,, Iiu:l,ou,l. 
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Irain the lake. A hard led,<re of rot k in a river t haniu l in.is cst.ihli 
temporary base le\el uj^streani. 

No continents have been tvorn down to base lesel dni int- tl.e |.i< 

nt cycle of erosion. In recent time, parts of all of the t t.niineiiis ha 

een elevated high above the sea, so that, so lai as geologit .il time 

ancerned. degradation in the present erosion cvt le in most p| i, 

as been going on for but a short while. In the more distant ■-eoln- 

ast, erosion rednced large areas of the continents mam times, "l 

ict the mountains and high plateaus of the present are not tvim, 

tie past, for oscr the greater part of traceable geologiial time il 
mtinents stood at relatis elv low elex ation. 

A region that has been reduced to generaliv low elevation and sol 
..d topograpl.y bv cr„sio„ is called a /ce„e/c,,„„. ... 

ns almost a plain." I„„ act,all, „„ peneplain is e,.a see, II,, 
outcaoppmg masses of more resislant ro, k, lor. . |„||, 

Ita aieT'""" S''""''' ‘ "I ■' l« n. 

tiin aie known as fnonarhioc/is. 
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• That part of North America contiguous to Hudson Bav is a pene¬ 
plain. modified bv glaciation. Much smaller peneplained areas exist 
in a fe\c other pans of the continent. Elsewhere, running water and 
the other agents of erosion still have a great task before tliem, and the 
liiaher the elevation the greater is the volume of material yet to be 
removed before complete gradation is accomplished. The average 
height of die North .\inerican continent is about 2,000 feet. The 
agents of erosion low er the surface of the continent at an estimated 
inte of one foot five to ten thousand years. It is not feasible, 

however, to estimate the number of vears it would take at that rate 
to reduce the continent to base level because, in die future, the rate 
tcill become increasinglv less due to decreased stream gradients. 
Climatic changes, especiallv in rainfall, will alter die degradation 
rate. Furdiennore. inteiTuptions brought about by diastrophism 
movements of the eardi’s crust t undoubtedlv will take place. The 
uplift of a continent or a part of a continent increases the volume of 
material to be eroded before base level can be reached. On the other 
hand, depression of die continent uould bring the ultimate goal that 
much nearer, ^^•e know from studies in phvsi^phy histmu^ 
geologs dtat manv such interruptions have taken place, both m the 

recent and in die geological past. 


results of DEPOSITJOS by RUSyiSG WATER 

Stratification of sediment. Running water is a very 

c—.-.v, cave., sa^d, and sU. U,eve.„ve ocenv n. 

separate and distinct depo^m 

\ ariations in stream v e . ^ nf different texture. One 

in the depastnon of 
liver ma' be compased of giy el. 

-r:». a.. sed.n.en. dep<»..ea ^ 

bv .be f.«.ev «„U. and d.e re« 

^tt:;:n:3::-3Xen.,o.ands.Tbe.n.apeve 
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^ilu^ li‘>in ihf (liokinu <'l lilt-' >ntr.iin willi scdiiiR-ni at the nioiuli dI 
iliL ( anvMii. hctaiisc ot the sudden lesseninii; of ‘gradient at that 
I lie siveani is tlius diverted int<» another ptnition wlierc it onie more 
Ijecoines idled with sediment and so must move a'^ain. liy deplosino 
hack and fortlt trom a fixed point ftlic eanvon mouth) the stream 
builds a kne cone which extends in a half cirde from tlie mountain 
front on one side ot the eanvon mouth around to tlie mountain front 
on the other side. As erosion proceeds, deposition mav also extend 

the apex of the fan up the eanvon. 

Flood-plains. The flats at the bottom of vallevs are 

called flood-plains. The establishment of a flood-plain is brought 
about bv inequalities or obstructions in the stream bed. which divert 
the current from a straight course. Centrifugal force creates the high¬ 
est current velocities on the outside of the curves in the stream: mini¬ 
mum velocities occur on the inside, or concave side, of the curves. 
Therefore, lateral erosion, or planation. is active where the stream 
swings against the bank, and the material eroded from this point will 
be can ied downstream to be deposited on the inside of other cui\es 
where the velocitv is low. In its earlv stages, a river flood-plain is dis¬ 
continuous and is located first on one side of tlie stream and then on 





hills in 
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the other in the concavities of the river bends. Ik.t. as t!,e valles bnt 
tom is widened by lateral planation, the cunes shift dou nstreain. sc 
that at one time or another all parts of the vallcv liotiom re. cue 
sediment. In this way a flood-plain is built. Dur.no n.xxls, p n ts -t 
this low-lying river-made land are inundated fhence the nanu- tic hI 
plain”), and a layer of silt or other sediment is left behind when the 

waters recede. ■ , 

Many cities and smaller communities are built upon fl.Kid plains 

because of their flatness and. in earlier davs at least, because "I iIk 

use made of rivers for communication and transpartaiion. l lie soils 

of most flood-plains are fertile and are intensivelv fanned. 

Meanders. The winding of a stream on its fhxxl plain 

is known as meandering. It is a continuation of the same proc ess of 
erosion on the outside of curses and deposition on the inside ih.it 
initiated construction of the flocxi-plain. When lateral planation has 
widened the vallev floor sufficientlv. the cursing path of the riser is 
largely confined to the flood-plain which it built. During; consiviK 
tion of the flood-plain, the sediment is reworked manv times iliioimlt 
erosion and redeposition. The relative case of erosion of fl(MHl jil.iiu 
material accelerates the development of meanders. The i entriiu^.i! 
force of the current on the outside of a cui"\e causes it to “eat intn 


the bank, tlius increasing the curvature of the stream at that 
At the same time the adjacent but opposite curves aKo are in* n in 
ing their cunature by lateral erosion. ConseqiieiuK. the (our>t * \ a 
river on a flood plain becomes a series of lfK)ps whi( li. in nem r.i’ h* 
across the trend of the vallev. Because of these nie indetA. l ivei o .lia 

4 

may have to go ten or fifteen miles to cover a distance of Inii three <>i 
four miles up or down the valley. 

Eventually, the Icxips enlarge to such an extent that tlic distanc c 
across a “neck” becomes vers short. A stream, c utting into its l>,lnK^. 
may break through a meander, especial!v during IhxxU. iliereb\ 
shortening itself and abandoning several miles ol riser bed. In manv 
instances this process is hastened during a flcxxl when the riser, cos 
ering most or all of the flocxl plain, scours out the short cut. \.b.ni 
doned meanders are knosvn as oxbows, mans of svhii h contain lakes. 

4 

Hundreds of oxbosss and oxboss’ lakes are present along the loss ei 
Mississippi River. 

Mark Twain in Life on the Mississil)f}i WTites svith his < hararfer 

istic humor of his experiences, and of the vagaries of the Missis>i|>pi 
River, as folloss's: 
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The ^-ater cuu the allmaal banks of the *lowei^ hifp deep 
horseshoe om es: so deef>, io<ked« that in scxne places if yna 'were to 
get ashore at one extremity of the horseshoe and walk aoosi dm 
neck, half or three-quarters of a mile, you could sit down real a 
couple of hours w'hile your steamer was coming aioond dK long 
elbow' at a speed of ten mOes an hour to take you on board a gaywi 
. . . Once tli^re was a neck t^posite Port Hudson, l-miigana, which 
w-as only half a mOe across in its narrowe s t |dace. You could waft, 
across there in fifteen minutes: but if voo made the journey around 
the cape on a raft, you trareled thirty-fire mDes to accomplish the 
same thing. In 1722 the river darted through that neck* deserted its 
old bed, and thus shortened itself thirtv-five miles. 


T^-ain then lists a number of other oenirreiices of rwer shentea- 
ing. some prehistoric but many since his own day on the Misasiqipi. 
and draws the followii^ conclusicMi: 

In the space of 176 yeais the lower Mississij^ has dtottened itself 
242 miles. That is an average of a trifle over one mile and a third 
per vear. Therefore, any calm person, who is not blind or Uiodc, 
can ^ that . . . just a Wllion yean ago next November the Lower 
Mississippi River was upward <rf 1400.000 mDes loi^ and stnei. am 
over the Gulf of Mexico like a hshing-rod. and by the sai m u*m 
any person can see that 742 yean from now the Lowct Mnaissiiifi 
wail be onlv a mile and threequarten long, and Cairo and New 
Orleans waU have joined their streets together, and be fdodding omn- 
fonablv along under a single mavxjr and a mutual board of Jder- 
men. there is somethit^ fasdnatii^ about science. On e gpis soefa 
wholesome returns of conjecture out of such a trifling hrvedmedt 

Lrz ees. Water overflowing the banks of a riser w i ilini i 
a decrease in velocity due to the relatively greatCT frktkm of^ 
thinner sheet of water against the surface cner which it fl^ 
brings about deposition, and eventually a natural levee will be 
on both sides of die river parallel to the banks. Aloi^ 
lower Mississippi the highest land lor miles around u the 

Deltas. Deltas are built where a nver * ““ * 

the sea The sudden diminution of velocity causes depodtian of 
mem. As the channel becomes choked, the 

ncl. or divides into a number of 

the lake or sea at a different point. Dendntrc 

similar to the forking of the tributes 

K... i, is on a smaller scale and is directed dowmoeam 


of upstream 

I Sflorwfreki I 
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Some of the major rivers have extended themselves several hum 
dred miles out into the ocean through delta building. 

.e. Orleans is built 

uponTe'delta of the Nile, and most of the 
of mL. are built upon deltas, the only flat or nearly flat land 


asailable. HeposUs. Placet deposits contain valuable min¬ 

erals which have been mechanically transported and then deposited 
in abundance because they possess specific gravities greater than tlia 
of the associated minerals (see Fig. 10). Three conditions are essential 
,o the formation of placer deposits. In the first place, the region sup- 
plvinfr the minerals to the placers must be one ^chere erosion pi o- 
ceeds^very rapidly, for no mineral is completely insoluble or chem¬ 
ically inert, and if denudation is sloiv^ the minerals ivill be destroyed. 
Second, the mineral itself must be resistant to solution and decay, 
othenvise it will not survive even though erosion be rapid. Lastly, 
the mineral must be heavier tlian the valueless material that is tians- 
ported at the same time, or it will not be sorted and deposited in 


concentrated masses. 

Most placer deposits occur in the beds of streams. The placer min- 
erals are a part of the stream alluvium and consequently are in the 
process of being shifted down the valley, unless the stream has 
reached base level. Flood waters roll the boulders and gravel down¬ 
stream, and the relatively heavy placer minerals work through the 
crevices developed during this shuffling and eventually find lodge¬ 
ment on top of the bed rock beneath the alluvium. IvnotNing this, 
the placer miner loses no time in getting down to tlie deepest zone 
of gravel, for there the greatest values occur. 

The prospector knows that placer deposits are not ahvays confined 
to the present streams but are found in ancient abandoned water 
courses. The latecomers in the Klondike rush of 1898 found the beds 
of Klondike and neighboring creeks completely staked. They dis 
cosered, however, that high on the flanks of Klondike valley ivere 
remnants of an old stream channel and that its gravels likewise con¬ 
tained placer gold. 

Gold is the best known of placer minerals. Placer gold is almost 
invariably discovered before the bed-rock deposits are found. Its 
presence can readily be detected by testing river alluvium in a 
miner’s pan. Following the discovery of placer gold comes the find- 
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ing of the mother lode from which die placer deposits have been 
derived. In many instances diis mother lode is sufficiently rich to 
exploit, and the mining of vein gold may continue for many decades 
alter the alluvial deposits have been exhausted. However, in some 
localities it has been found that the gold or other placer mineral is 
not sufficiently concentrated in the source rock for profitable min¬ 
ing but that the alluvial deposits can be worked successfully because 
of the greater concentration brought about through the action of 
running water and the lesser cost of placer mining. 

Most of the world’s platinum once came from placer deposits. 
Dark-colored igneous rocks in die Ural Mountains of the U.S.S.R. 
contain scattered grains of platinum and allied metals, but in too 
lean a concentration to be minable ore bodies. However, the allu¬ 
vium in the stream valleys draining the area contains sufficient plati¬ 
num to be workable. Other important placer minerals are the ores 
of tin and tungsten. In addition, several non-metallic minerals, in¬ 
cluding diamonds and rubies, occur in placer deposits. 

Sand and gravel deposits. Sand and gravel, products 
of the wearing away of rocks exposed at the earth’s surface, consist 
of tlie more resistant minerals present in those rocks. The average 
sand is over 90 per cent quartz, because of the initial abundance of 
this mineral and its resistance to processes of decay. Sand and gravel 
are transported, mainly by running water, from their point of origin 
to a place of deposition. During this transportation the rock parti¬ 
cles become worn and rounded. 

Commercial deposits of sand and gravel are scattered over *e con¬ 
tinents in a variety of environments. Many stream beds contain sand, 
or a mixture of sand and gravel, that can be excavated or dred^ 
Unlike most other mineral deposits, the sand and gravel in a river 
iKd may be pericxlically replenished, since every flood brings m a 
fresh supply. Ti,e usual river flood plain also, although composed 
mostly of silt, has rvithin it zones of coarser material marking formCT 
c hannels of the river, which are valuable sources of sand and gravel. 

and also of ground water. Sand and gravel 

eions from terrace deposits, remnants of older an ig 

plains Such deposits ordinarily are discontinuous, because of era- 

So Mream> Monging .o a.e drainage 

the trend of the old river which formed the deposits has been detCT- 

mined by the locations of two or three remnants, it may be possi 
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to prospect in the directions indicated and discover additional 

supplies. , 11 .. 

The principal use of sand and gravel is for building and lllgil\^a^ 

construction, in preparation of concrete, mortal, asplialc. and loatl 

surfacing. Sand is important also in the manuractuie d gl *''" ‘"'I 

molds in which metal forms are cast, for abrasive purposes sand 

blastind, as a refractorv used in lining furnaces, and as engine sand 

which the locomotive engineer pours onto the rails to beep tiic 

wheels from slipping. 


CLASSIFICATION OF STREAMS 

Streams may be classified in a variety of wavs. One classifu ation is 
based upon die stages of development of a stream and its vallev. 1 his 
is a classification measured not in years but in the progress ol tlie 
stream through its life historv. Another classification is based upon 
origin; still others are concerned witli the relarionsliip between the 
stream and the attitude of the underlvino; rocks and with cluin'^es 
which have taken place that interrupted the normal history of the 
stream. These classifications are discussed belo^\. 

Stages of stream atid valley develolnnetit. The phvsi- 
ographer, or student of the various forms of topo^^^rapin. desi'^nait'N 
streams and tlieir valleys as either yoinig, mature, or o/d. I liese a-^e 
terms are purely relative and are not definable in >ear.s. A \ouihful 
stream and its vallev mav be older in vears than another which has 
reached maturitv. or es en old ag^e. 

O 

The use of these terms needs explanation. For example, an indi 
vidual standing on the rim of Grand Canvon considers ibis v.dbv 
very old, for without doubt the Colorado Riv er has t.iben manv luui 
dreds of thousands of years to cut the gorge. However, the p!;vsiog 
rapher calls the canyon young, because it is relativ elv narrtnc and the 
river at its bottom is still cutting downward at a fairlv rapid rate. 

The age terms are not ordinarily applicable to a stream anti v allev 
ilong their entire length. Many streams and vallevs are old near the 

4 

mouth, young near the headwaters, and mature in between. Fiie age 

ran be determined in most instances either bv direct study of the 

itream and valley or by study of maps or airplane phot<»graplis <>f 
diem. 

Streams and valleys are youthful from the time the stream Ntaits 
eroding its valley until tfie profile of equtlibnum has been esl.tb 
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>;:tL J A a[)p! . Acbtini ^ade reaches the profile of equilibrium 

■ell i: e 1' 1 v I' ::;is to d-o approximatelv balances its capacitv to do 
■ vn. Ill c.ii o nianv lakes mav occur alon^ the course of a 

.o.icari. Tiiese are eliminated bv filling widi sediment and bv dotxTi- 
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cutting at the outlet. There folio,vs a period ,vhen rapids, cas, adc,. 
and even waterfalls occur along the route frout head, valets to u„.u,Ik 
Obviouslv the gradient of the stream is greatest dur.ng this stac- 
Erosion is dominant during youth, tvitit the sttean. cutting sleep- 
walled, V-shaped valleys as shown in Fig. jO. \ allcN cutting 
ous bodi laterally and vertically. The Colorado River in the (.rand 
Canyon at Bright Angel Trail has cut a gorge about a mile deep, .u, 
at the same time the vallev has been widened at the toj) .-tl.ei 
erosional processes for a distance of about fourteen miles. 

With the establishment of the profile of etpiilibriuin. stream^ and 
tlieir valleys become mature. Downcutting is excecdingls since, and 
lateral erosion increases relatively, but not actuallv. in effec ti\ene». 
Narrow erosion plains are excavated along one or both sides ot the 
stream and are covered with sediment during times of flood. I hus is 
initiated the river flood plain which widens as the ris er grows older. 

With the esublishment of a vallev flat, the stream is free to mean 
der at will. Coincident with the building of the flcxid plain, the 
sides of a mature valley develop increasingly gentle slopes, exc ept 
locally where meander loops extend to the fltxid plain edge and 
undercut the rock on the sides of the valley. In some instances .m 
over-supply of sediment, especially during low water, causes the 
stream to flow through a net work or “braid” of channels because 
the stream bed is choked with bars of gravel, sand, or silt. 

Full maturity is reached when the width of the meander belt 
equals the wddth of the valley floor. The meander belt is the territcu v 
lying between imaginary lines connecting the outermost hweps on 
each side of the stream. Eventuallv. when the lateral planaiion jiro 
cess has widened the vallev floor so that it is several times the w idth 
of the meander belt, the stream and valley are old. While this is not 
as distinct a demarcation as that between vouth and maturiiv, fnllv 
developed old age is easy to recognize. Old river vallcvs haw ex¬ 
tremely wide flood plains and are bordered bv such low clisicles 
that the slope of their sides may be almost imperceptible. Oxboccs 
and oxbow lakes are common on flocxl plains of old streams becviuse 
of frequent cutting off of meanders (Fig. 51). 

Stages in the dissection of a land mass. Physiographers 
also use the terms “young,” “mature,” and “old” in reference t.> liie 
stage of dissection of a land mass. The ages of the vallevs and sire a us 
incised in a land mass do not necessarily coincide w itl. the st.cge >f 
dissection of that land mass. The basis for agre classification of .1 1 and 
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ni.iNs is the .iniouni ut ut)ik aeiompiislied. A plateau wlikh is rut 
luu' 1)\ onl\ a lew siveains still contains most of the rock which it is 
the ta^k n[ the agents ot erosion to remo\e. Therefore, such a plateau 

is \outhtul iFi^j,. It is drained bv a relaiivelv small number ot 

/ 

uideh spaced streams, separated bv di\ ides tchich are nearly flat. A 

land mass becomes mature when stream erosion has destroyed the 

brtvad plateau surtaces l)ut has not yet lowered the divides very far 

below their original ele\ation. In resrions his^h above sea level, ma- 

ture toj^oovapln is a succession of mountainous ridges separated by 

deep cauNons: in a land mass ^vhich was initially at lower elevation, 

tlie mature landscape is a complex ot lower, rounded or sharp-crested 

hills and broader \allevs. In anv case, mafuritv is characterized bv the 

• ' 

maximum di\ersii\ ot relief which will be developed in a region 
during the existing (.sale. 

Rc the lime old age has been reached, the greater part of the rock 
originally above sea le\el has been removed: the divides are low with 
gentle slopes extending down to the vallev Hats. The ultimate in tl.e 
dissettion of a land mass is the peneplain, a nearly even surface of 
almost indistingui'']Kible dicides and broad flats. The peneplain 
stage is the last one in the cvi le ol erosion (p. 122): an uplift of the 

pene|>hun will start a new cvclc. 
















1 















119 


Running Water 

adjacent harder lavers. The right angle branching produces a trellis 
drainage pattern instead of the more usual dendritic pattern. In 
some cases a subsequent stream does not follow a zone ot ^\ eak ux k. 
but a zone along which all rocks have been so weakened b\ eaiih 

movements as to be easilv attacked by running water. 

Classification of streams according to relatioiidnjj 
with underlying rock structure. Some streams, regardless ot oi iLiin. 
fail to conform with the structure of the rocks in whicli thev arc eii 
trenched. In other words, a stream may flow across both weak and 
resistant formations (Fig. 53), across upfolds and downtolds. and 
even across blocks of the earth’s crust which have been elc\ ated aloiv^ 
faults above the surrounding areas. This lack of confomiit\ can he 

O 

explained in tAvo ways. If the movements of the earth s trust took 
place very slowly, the river may have been able to maintain its 
course by cutting through the upward moving area as fast as nun e 
ment occurred. In this case tve conclude that the stream acquired it') 
course before deformation started. It is therefore referred to as 
antecedent. 


The other explanation is tliat the rock structures to tvhich tlic- 
stream fails to conform already existed, but were blanketed bv o\ er 
lying rocks which did not possess these structures. The stream teas 

developed on the higher surface in harmonv Avith conditions exist- 

* 

ing there. When it eroded into the different structures beloAc. the 


streams did not conform to their netv surroundings. This tvpe ot 
stream is superposed (superimposed) because it has been imposed 
from above, Avhere conditions Avere quite dissimilar. 

Classification of streams according to e0ects produced 
by changes in level. The earth s crust is by no means stable. Actually 


some sections are sloAvly being elevated and others are sIoavIv beina 

depressed. This movement, of course, effects the drainage of the area 

undergoing change in level. Where a part of tlie condnent is Ioac- 

ered Avith respect to sea level, the loAver part of streams drainincr the 

area are submerged below sea level or droiened. The sea enters diese 

valleys and stream erosion ceases. The fine harbors on the Atlantic 

coast of the United States from Chesapeake Bay to the Gulf of St 

^Avrence are droAvmed river valleys. Similar changes in level pro¬ 
duced San Francisco Bay and Puget Sound. 

Many places have been uplifted. The immediate effect of the t ie 
vation IS to tncrease die gradient of a stream and, tliercfare. t.. in 
crease tts velocity and erosion power. If such a stream had re.i,l,«l 
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i> ;:i ’. tile t equilibrium, die equilibrium would be destroved bv 
: .. It:, and rhe >neani would again begin acti\e downward as well 
i> ..iitia. ci\*5i<:'n. Such a stream is apth spoken of as a refuvenated 
' - Rcui'cnation is caused in odier wa\s also. For example, a 
siieara ma\ ha\ c reached a temporal^ profile of equilibrium based 
n a lake alon^ its course ichich has not vet been destroved. When 
tl.at lake is dmined. die stream above may be rejuvenated. A climatic 
change that icill produce a greater runoff will rejuvenate streams bv 
adding to their volume and thus increasing dieir ability to erode. 
Piracy, or tiie capture ot one stream bv another, will have die same 
results. It is not ahca\s possible to tell where rejuvenation has been 
bi _'ua'H ab ‘Ut b\ upliti or b\ other causes. 

Rchto cn.iiion (.an be reco^rnized bv several criteria. If a stream 
witii a Ti 'd plain is rejuvenated, renewed \eriical erosion will leave 
r;w rhxd plain as a icrrict on the sides of the vallev. well above flood 
c\e! Fi 4 . 34 - Bo.ause of their unconsc»lidated character, terrace 
-ediments are relatbeh easilv removed bv erosion and in manv in- 
^i.niits ha\e been compleieU destroved or exist only as remnants 
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found here and there along the river vallev. A valleN with umth. 
sloping sides but with an inner gorge in which the stream is tloum ■ 
is an evidence of rejuvenation. In this case the nn k bench at the top 
of the inner gorge represents the level of the old caliev ih-oi, I.elmc 
the stream returned to n igorous downcutting, ^■et another ( iitei ion 
of rejuvenation is enlrcmlu’d meanders (Figs. and .>»>,. 1 lu-i au 
similar in plan to the meanders of the mature or old ri\er Imt in 
stead of being cut into Hood plain alluvium thev are dei ih'. en 



Fig. 55. Entrenched meanders, initial The meandt nine strram has 

been rejuvenated and has cut deepiv enr>iiL;h below the >o that 
of the meander belt acros.s the flood plain is no lon'^er pt^sible. Ih>ljdvh Ro.ri 
Camp Davis. Teton Countv. ^\^omin*^^ B\ FI*. IT. Do^’nf]r<ir^ld. 

trenched in bedrock. The meanders were originallv fornietl be a re'.i 
thely sluggish stream Howing on a Hood plain, ^\■hen the stream i, .> 
rejuvenated, it began to downcut. but at so .dou a rate ili ii it |..i 
lowed its meander pattern. In a relativclv short time, the Hood piaiu 
on which the meanders originated was cut through, and do\s iu uttino 
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Fi- ^6 Enlrcnched meanden. adv.ncetl sta?e. Lateral planal.on on out 
side o7 loop in left forc^ound m.tv result in time in the r.vcr shorten.n^ .u 
course. San Juan Riser. L'tah. iJv fcrm-ioon S/.enre A<t Pholot. 

Streams soon remos ed all remnants of the original fltaod plain, leav- 
in<r the meanders cut in the rock. 

crr/.ES or EROstoy 

A cvcle of erosion begins tvhen a land mass is uplifted or built and 

it closes in such various wavs as 

sei level clim.itic chan-e. Nolcanic eruptions. The 

, e ™on .,n<, s.,,„s a ne.v one. I. .nnallv ute. place betae 

d.e and .n.» h.ac been cedneed to a peneplain. Honecec. el^ 
^lavs I'm a ne.v cede o, erocion cegacdless Ute antge o. en«on 

■" r nulm'fn 'b^'^einvenation o. the mean,* dtainin* tl^.nd 

T .eSo e e criteria for rejuvenation given in dre preceding 
mass. 1 neretore inc ^ hut it must be reniem- 

’,:;^"tlm “a't'inn lv"r:,rfron. cauae, other than uplift. 
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Where a preceding cAcle or cvcles of erosion have produced a pene¬ 
plain. remnants of tins surface may be recognizable m an elesace 

. 1 • J - 

Of course, if the entire uplifted bl(x:k is peneplained, all e\ idenc e-. 
of earlier odes are obliterated, but in nianv cases onlv parts of the 
mass were peneplained before another der ation started a nerv (vdc 
of erosion, hence remnants of several peneplains Ivins at dilferent 
levels may be discernible. As a matter of fact, manv resions sh< ac c\ i 
dence of several cvcles of erosion. A classic example is the .Apjrala 
chian Mountain region in eastern Pennsrhania. After diastropiuMii 
hsd crested tlie originsl .\ppalscliisn Alounisins. the turLes ti'*- 
sion destroyed them. The accordant summit levels of the piot iu 
Appalachian ridges are interpreted by some gecjlogists as remnants 
of this first peneplain. Then, possiblv. submergence of the peneplain 
below sea level resulted in the deposition of coastal-plain sediments 
on top of the truncated older folded rcxrks. Gentle arching later 
raised this region above the sea. Conseciuent drainage was de\ eloped, 
which became superposed on die underlving nxk as the relativeh 
soft coastal-plain sediments were stripped off. This second cscle of 
erosion produced a second peneplain, which was arched b\ di.i'itro 
phism with increase in the gradient of the supeqxised streams so tliai 
they entrenched diemselves in the older nxks. The major risers. 


such as the Susquehanna, cut across tlie hogback ridges thr'urzh 
canvon-like valleys called "water gaps. ' During this third »\ile fd 
erosion, subsequent tribuuries of the superposed streams dewluped 
terraces in die weak rocks. Before the intersening ridges compned 
of resistant rock were destroved. another elesation rejusenated the 
streams so that diev incised neiv vallevs below this older erosion sur¬ 


face. Again die iveaker rocks ivere eroded so that further terraces 
were developed. A relatiielv recent uplift staned the present cwcle 
of erosion. The two younger erosion surfaces are represented todas 
by nvo levels of terraces: the existence of the older cs cles is inferred 
from the superposed rivers and die approximately accordant summit 
levels. 


nianv other regions, also show evi¬ 
dence of the existence of older landscapes evolved during earlier 
cycles of erosion. Obviouslv the geologically recent vertical imoc 
ment that rejuvenated the streams and caused the sculpturing nf du 
mountain chains of the world into their present fonii was m i 
a series of uplifts rather than a single s’ertical moi'cmcui 
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«t//V/V//VG JTATER - ITS EFFECTS ON MANKIND 


Running water, as the cause of soil erosion and disastrous floods, 
is a destructive agent. When utilized for water power, transportaticm, 
water supply, and similar purposes, it is of enormous value to man* 
kind. The topography resulting from erosion and deposition by run¬ 
ning water has had a decided control on human migrations and on 
land utilization. 



Fig. 57. Gully starting in wagon 
tracks in a hay field. Indiana Coun¬ 
ty, Pennsylvania. Courtesy Soil Con¬ 
servation Service, U. S. Department 
of Agriculture. 


Soil erosion. Water running uncontrolled over farm 
land causes serious damage. In many places, it has been responsible 
for the removal of the top soil with its permeable structure and 
organic content and for the exposure of the underlying non-fertilc 
rock mantle and bed rock. While soil erosion is taking place in 
uplands, good crop lands at lower elevations are being buried under 

the silt and sand which is being stripped away. , 

Soil erosion of cultivated land may be caused by 
plowed furrows which run down the slope o the land. fu^ 

Ts an incipient valley in which rain wash 

wateJ likewise concentrates in wagon-wheel ruts, and deep erosion 

•results where they run down a slope (Figs 57 and 58). Erosion may 
ie severe also ip the master gullies which carry off the surface dra^ 

water running m thes ^ r «ciri#>r:ihlp acreaffc of farm 
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tl,c .n.llies are a hazard to straving stock, and thev impede t.atcl 

about the fann. j i.,.e 

Practices wlucli accelerate soil erosion include plowing and plant¬ 
ing up and dotcn the slopes, burning the stubble after har^est. cner- 

oTazin<T. and deforestation. 

The United States Department of Agriculture established the Soil 
Conservation Service in 1935 to investigate the increasing ivastaue of 
land in this countrv. Some of the methods recommended bv tho 
organization to control wind erosion have been previouslv described 
(pp. 52-541 are applicable in retarding excessive erosion bv running 
water. Anv method of farming that will conserve moisture in the soil 

will diminisli erosion bv botli wind and running water. 

Some control of top soil erosion can be exercised bv a clioite of 
crops planted. Planting of crops in rotation, alternating soil-deplet¬ 
ing crops with leguminous crops such as alfalfa that both restoie nu¬ 
trient material to the soil and slow up the mocement of rcatei. is 
recommended. The use of co\er crops, such as clocei. that are so'\n 
or planted in thick stands in order to protect and enrich the soil be¬ 
tween the planting and harvesting of two main crops is also advised. 
One of the purposes of a cover crop is to reduce surface runoff . ^vhK h 
in turn pre\ents excessive erosion of soil; the crop also adds \aluable 



Fig. 58. Large gully in old road bed. Mecklenburg County 
iesy Soil ConsRnujtion Sr nnrr 
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Fig. 59. Result of a 48-hour “gully washer” rain. 
Umatilla County, Oregon. Courtesy Soil Conservation 
Service, L\ S. Delyartment of Agriculture, 


< 


organic matter to the soil and, wiien plowed under, increases the 

capacity of the soil to absorb water. 

\Vhere sloping ground is being farmed, the Soil Conservation 
Ser\ ice adcocates plowing and planting on the contour, so that the 
furrows and ridges tvill run along and not down the slope. Arranged 
in this wav. thev catch water instead of aiding it to run off the land 
at the greatest possible speed (Fig. 61). Where the slope is steep, con¬ 
tour strip cropping is recommended, which is the planting of alter¬ 
nate hands of clean-tilled crops (planted in rows, with the soil be¬ 
tween the n)tvs kept clear of t egetation) and thick-growing crops. For 
instance, rotvs of corn may be planted alternately with strips of wheat 
or oats. Runoff from the clean-tilled strips is caught and absorbed m 
the thick 'Hotving bands below. Another method of controlling run¬ 
off on sloping (arms is to terrace the slopes, thereby creating a series 
„f (l,,t ,u.l.u c, « .around lire hill (Fig. 62). This ha, been done 

renlutie, on ihe iiitensisel, cnitivaled hill areas of Europe and m 



i\ U It It I 



T\%. 61. Contour furrows ploughed in pasture C'-Kh ru:i-'>r: - 

Couri'S\ So:l S-; I' s £).-• 
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the intcn.)! ,,t C liina. Mixing crop residues into the soil after har- 

sevt Ji.inucs tlie structure of liie s-til so that it becomes more porous 

u. pcr(ol.uiiT 4 ram water and less easih washed bv surface runoS. 

# 

i \ t n wlicre these \ irious iiiethocb are being used, some runoff down 
the natural depressions already existing in the topographv is inevi¬ 
table. Along Stull t\aterwa\s grass cover should be established to 
pre\ent further gullving. 

^tanv methods ot tontrolling existing gullies to retard further ero¬ 
sion are described in publications of the Soil Conservation Senicc. 
In some cases, a series of dams is built across the floor of the gully. 
The dams arc built of masonrv. loose rock, woven wire fence, 
wooden stakes, tree trunks, or brush (Fig. Orb- Another method of 
gulh bontrol is to slope and giade the gulh walls and to plant 
grasses. \ ines. shrubs, or trees both on the slopes and the gully 
Hoois Fig. b4 1 . 

(4\ergrazed land can be improved bv slopping grazing for a period 
during which alfalfa and glass seed are soivn or natural vegetation 
establishes itself, .\fter the new stand of vegetation has appeared, 
grazing at a controlled rate mav be allowed. Reforestation of defor¬ 
ested areas can be gteatlv accelerated by systematic tree planting. 





T.'j. nr ot 



Fif^. 64. Aljandoricd ro.id stulLtl lo in uul!\ii! 

^ortli Carolina. C.oiiytr-*\ Sfj'l ('v~ i 

A’JYiculUiYe. 


( > I i ' 




130 


Geologic Process 


e s 


Floods. Floods are the most disastrous of the namya t 
phenomena. Floods are caused primarily by high precipitation dic¬ 
ing short periods in a drainage basin. This precipitation may be 
seasonal, such as that causing the annual floods of the lower Nile and 
of some of the Chinese rivers, or it may occur at irregular intend 
so that a number of years ordinarily intervenes between floods. In 
some cases, the intervals are of such length that only one great flood 
has occurred in historic times. Naturally, the speed of precipitation is 
an important factor, for heavy rain falling during a month will not 
cause such v iolent floods as an equal amount falling in a few days. 

In the United States, floods are increasing in frequency and magni¬ 
tude because of the greater runoff resulting from deforestation, over- 
grazing, and cultivation of areas previously covered with vegetation. 
Therefore the widespread adoption of practices recommended in the 
preceding section will not only reduce soil erosion, but will also de¬ 
crease the frequency and intensity of floods and the damage there¬ 
from. Such measures will also increase the supply of ground water. 

Mountainous regions blanketed with thick snow and ice fields may 
furnish flood waters w'hen a warm wind blowing for several days 
rapidly thaws the snow and ice. 

Disastrous floods have been caused by the collapse of dams, sud¬ 
denly loosing a great volume of water. In most cases these dams are 
man-made. They have collapsed because an unusual volume of im¬ 
pounded water following heavy rains has exerted pressure too great 
for the dam to resist. Structural weaknesses in the dam itself or fail¬ 
ure of the rock beneath or at the sides of the dam have facilitated the 


collapse in some cases. 

Natural dams, such as ice and log jams, also impound large vol¬ 
umes of water which may suddenly escape to devastate the valley 
below, A glacier lying at the headwaters of the Knik River in Ala^a 
dams die mouth of a tributary valley, causing a lake to form. Every 
few years the lake breaks through the ice barrier, and a wall of water 

races down the short valley to die sea. 

One of the most tragic floods in the United States was that which 

wiped out the city of Johnstown, Pennsylvania, late in the last cen- 
lury. “On May 31. 1889, after unprecedented rains, a dam across 
the South Fork, twelv e miles above the city . . . gave way, releasing 
a body of water 60 to 70 feet deep and 700 acres in area. The flo^ 
swept down the valley in a mass twenty feet or more in height at its 
head, at a speed of twenty miles an hour, and within an hour almost 
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caughrire. Benveen 2.000 and 3.000 lives were l-vsr. on of 

non of 30.000. and the loss of property a > ut i- e 

000 The lower Mississippi vallev is penodicallv hooded. .Ait i.. 

neatest flood in the annals of the Mississippi teas mmt dis^istr in 
S,e vallev of a tributarv. the Ohio. Earlv in 1937 swol en tnoutancj 
carried into tlie Ohio the runoff from record rams ivluch had dr- .p,.ed 
an estimated 60 billion tons of water in the basin during janu . % 
davs. The flood inundated manv thousands of square miles. 
incr people living in eleven states. All riser toivns were fl..<ied. 
Paducah. Kentucky, a cits of 33.000. was largelv under water. Mans 
smaller villages were completely swept aivas. S<ame have not l>ccn re¬ 
built. at least not on die same sites. The deaths ran into hundred>. 
chiefly caused bv exposure. Nearly threeApiarters of a million people 
were made homeless. The property damage in one week of destruc 
tion svas estimated at 300 million dollars. On the aftennatli of the 

floexi. sve have this picture: 

The flood is over. Now the anxious tot»-n<peopIe can k-.avc their 
temporars' rtxjsts atop the hills on the city s nm. I hes >tru 4 ..;ic Lack 
to their homes—and to chaos. 

The toscTi is soaking under a layer of oozing mud and drippins 
rubbish. Here beside a grimy piano rvith swollen, rigid kess lies the 
carcass of a horse. There stands a splintered telephone f-ne en¬ 
meshed in chicken wire, leaves and straw. Eserswhe-re there is shat¬ 
tered glass, for thousands of windows in town have been crush'd by 
the water’s force. 

The marching waters have stripped the bridge of its tar bl*3ck 
pavement, leaving a naked super-struaure. Thev have jtrkvd huce 
slabs of concrete off the highwav. Thev have undermined the >ide- 
walks, either shattering the hea\y flagstones or tossing tiiem out of 
position. 

Do\%'n the street is the Griffin house—once white, but now. from 
the ground to the second floor, a muddy brown. Half of the hiuc 
around the vard is rusted and distorted: the other half washed awaN. 

4 

In front of the house is a pile of tangled wood, a wicker chair, a 
matted with talc-fine silt, a table, a battered shed. None of (he ar 
tides belong to the Griffins. Neighbors will drop in soon to djini 
them. 


' £ncyc(opaedtd 
Briiaanica. Inc^ 1999 


, 14ih edition. \ol. 13, p. 119. No* ^orV; i' ! 


152 


Geologic Processes 




in liic pirlor, one of the Grifin bm, b pby™ the h»e c 

^tiling- The jet of titter dissolves a mMnch law of__ 

^ 4 ^ ^nram fio^i^ akx^ the ri<%es of the tm^Ued h»d- 

V ^ d .-:»rs oui into the halL Hosh^ is the only war of duov- 

ort Liic fe^xl s resitiue- When the rooms are div the 

corne tn. then the paper hang^ The carpenter iriH_ 

noon again. The glazier wiU reset the windows. Finallv, paimas 
^-lil bum od the bnw-n coliar of the flood $ sraiennark and the 
hooie ^ hire once nKire. This still take about three months and 

cost berneen o and three thousand dollars. The total will be wme 
if the foundation has been weakened. 

Outside the loi^Ti. of course, the wateis have carried off not onlj 
homes and livestock^ but acres of rich, planted famdaod as welL 
>>ine ot this latter has been deposited whete the Grifta lawn used to 
be. There uill be no la^Ti next June: instead wfll sjwoot a bnta«*Sr^l 
patpourri of holivbocks. com. cabfao^es. 

AMien the rampant waters of the Ohio or the Mississippt or dK 
Cumberland or the Little Miami fall back below their I p wf "SIttc 
G riffin and her neighbors invariabtr return to what was o 
—though they know that in cnmii^ years they will a»am 
dreaded crv. “To the hiUs!*^ 



A combination of beaw rains and meltii:^ snemx in the headwafeexs 
of tile Columbia River in the Canadian Rockies in late May of 1918 
caused a most disastrous flood in the lower river a few days later. 
The ris er reached a height of 14 feet above flood level near Portland, 
burst through a railroad embankment which doubled as a dike, and 
toxered the cin of Vanporc Oregon, with 15 feet of water. The 
frame building of this huge war-time goxemment hoosiiig pniieci 
were floated off their foundations^ The number of peofde made 
homeless bv the flood in Vanport and other cammumtks in mtb- 
western Oregi>n and southwestern Washii^;uin exceeded 50,0001 
Manx millions of dcdlars base been ^lent and will be spesat in the 
future on fJo-xi control projects^ Reforestation letaids the flow of 
water off the mountain slopes in the headwaicis of a diain^g 
A sxsiem of reseixoirs in the tributary valleys may be devdoped 

the xolume of w^tcr flowing into the m a in river, 
sxstem breaks dow n w4ien one flood closely fedlows another. NeMier 
method of ccwitrol is of axaiJ in ste mm i n g floods which are dne lo 
exccssixe rainfall in the main valley. The princiiial method of at¬ 
tempting to tonir>>l fl<xids is hx" erectii^ cn 
a^on^ the rixer. Bx placing dicse levees hack stHnewtiat 
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of the river a "wide channel is provided which may be sufficient to 
carry off the flood waters. But it is not feasible to erect levees oi 
such magnitude that a “super-flood** will be contained between the 
embankments. For such floods, spillways and “fuse plugs'* are in¬ 
serted in the levee system by means of which excess ^vaters can be 
drawn off and larg^e areas of the least valuable land inundated lier- 

O 

ever possible. 

Methods of flood control are the problem of the engineer latlur 
than of the geologist. The work of the latter in finding and appro\ itig 
rock for use in retarding erosion of river banks and levee walls is 
discussed on page 473. 

Use of rivers. ^Vater flowing down the bed of a stream 
has energy, and, throughout historic time, men have used this energv 
as a source of power. In older days it was tlie custom to harness a 


fraction of this power by making the flowing svater turn large wheels. 
Now the usual procedure is to di\ert the tvater from a stream, es|je- 
cially above water falls or artificial falls created by the construction 
of a dam, and then, in some cases after carrying it by pipe or ( anal for 
considerable distances, drop it through steep or even vertically in 
dined pipes, known as penstocks, into the turbines of a power house 
on tlie river bank. The turbines turn generators, producing elec¬ 
tricity, which may be carried by transmission lines to distant places. 
Only an extremely small percentage of the potential power of the 
water that is ceaselessly moving to the .sea is utilized. However, the 
last few years have seen a great increase in generation of h>dro elec 
trie power in the United States through the construction of .Norris, 
Hoover, Bonneville, Grand Coulee, and other gigantic dams. 

Rivers have been utilized also for the transportation of men and 
goods. In fact, the exploration of many great areas, inciudino the 
central part of the United States and the Northwest Territories ol 
Canada, was made possible by river transportation. Rivers has e been 
u^d m Europe for cemurier as arteries of trade and cotntnttnit ation. 

e traffic has been facilitated by the construction of many lo. ks 

where rap.ds and falls made passage difficult or impossible anti ol 

many canals connecting different river systems. In the United Stair. 

the construction of thousands of miles of railroad and the Ctrl' in 

creasing demand for speed in travel and transportation h.i, led to 

teease in r.ver traffic except in those rivers which are a part of tin 
Grea t Lakes waterway. ' 

Rivers, however, have not lost their popularity for recreational 





Running H a t e r 

iwitii reimbursement for tonscrutcion custs to the Rio C.rmm 
a protracted series of legal battles u hicb utre ended bv a >11, 

Court decision. 

Agriculture is limited in the same ^\a\ but n"t to ([uiu iLi 
d^oiee. Otlier things, such as climate, soil, and mai.cL^. be 
tlie best hirmini{ land is to be h^und in regions oi aid auc v. i 
the Hood plains and die low divides can be culti\ate‘J, M lU-. le 
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in vouth are not farmable except along narrow alluvial strips in li» 
valkv bottoms because of insuBScient precipiution on the 
and lack of available water for irrigation above the bottom of the 
\ alley. Many mature regions are farmed. In mountainous areas are 
great, natural forests, which support a logging industry. ASovi^ 
terraces, in many instances, make exceptionally fine &rm land, for 
they have all the advanuges of flatness and fertility of flood plaim. 
yet they lie at higher elevations and in consequence are not subject 

to periodic inundation. 

In most instances a mature river is much better for navi^tion 
than one in old age or youth. The excessive meanderii^ of an old 
river may make the distances between places excessive, and the o^- 
rence of rapids and waterfalls hinders navigation in a young river. 
Several towns built on the banks of the Mississippi were subsequently 
isolated by a change in channel pused in most instances by the ci¬ 
ting through of a meander. Quofing Mark Twain again: 

These cut-oBs have had curious eferts: they have thnnra several 
river tossms out into the rural districts, and buflt up san&ais ^ 
foresu in front of them. The town of Delta usrf to be ^ ^ 
below Vicksburg: a recent cut off has radically changed the positi^ 
and Delta is now two miles above Vicksburg. Both of these nver 
have been retired to the country by that cut-off. 


4 0|>. du p> 
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Ice as a Geolo^c Agent 


The importance of water’s freezing 
n rock and soil and causing disintegration by expansion during 
T^'Stallization was discussed ;is a phase of mechanical ^\eathering 
(p. 23). With this exception, ice is not a vers important geologic 
igent except in regions where glaciers are present. River ice moves 
lownstream wdth the spring tliaw and transports a small number of 
ock fn^ments frozen to it. The ice blocks sometimes jam together 
o form a temporary dam which, unless it is soon destroyed by blast- 
ng, may impound a large body of icater. Such dams are weak and 
eventually give tvay, releasing floods which cause great damage to 
arms and communities downstream. Lake ice may push up on the 
hore and shove the beach sand and gravel into mounds, known as 
‘ramparts/* paralleling tlie edge of the lake. They are described 
nd illustrated in Chapter 8, 

During certain periods of die past, when temf>eTatures fell below 
lormal over large areas of the earth, great sheets of moving ice called 
laciers covered large areas and considerably altered the topographv 
►f the regions over which they advanced. It so happens that die last 
Ice Age” or Glacial Period was so recent, as geologic time is mcas- 
ired, that its effects are still readilv obseri able in the glaciated areas. 

- O 

rhese are to be found on all continents but especially (due to greater 
and areas in the higher latitudes) in the Northern Hemisphere. In 
aany mountainous areas, and in Greenland and Antarctica, rem- 

lants of Ice Age glaciers still exist. For this reason we can study the 

0 

ork of glaciers directly and infer from it what has taken place ir. 
egions from which glaciers has e disappeared. 

GLACIERS 

A glacier is a mass of slowly flowing ice. The first step in its forma- 
LOn is the accumulation of a permanent snow field. The low er la) ers 
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ihe 5no^\ 


turn to ice through the re-freezing of snow temporarily 
[Ucficd under pressure, and through the condensation and freezing 
moisture attempting to escape bv evaporation. In a relativeh 
ort time, a thick bodv of snow changes from an incoherent aggre 
te of light snoteflakes into a dense mass of cr\stalUne ice. 

T\pe<. Glaciers are of four types: valley, piedtnont, 
ateau, and contijieutaL Valiev glaciers occupy mountain canyons 
at ha\e been cut bv rivers. Thev move do^NTi the valleys as the 
vers do. hut tvith much less velocity. The mountain ranges of the 
orld contained manv vallev glaciers during the Glacial Period, and 
alreadv stated, the h-i'.iUer mountains of tlie temperate zones, and 
uch lower mountains in the polar areas, have vallev glaciers todav. 
allev jlaciers. because thev follow tlie winding vallevs of preexistent 
vers, are tortuous and many times longer than wide. The largest 
illev glaciers are in Alaska ivhere the combination of fairly high 
iiitude. loftv and extensive mountain ranges, and hea\w precipita- 
on offers ideal conditions for abundant accumulation of ice. Within 
le boundaries of the United States proper, the largest group of val- 
w Glaciers is on >fount Rainier, a great dormant or extinct volcano 
a Washin<non. On tliis mountain, there are 24 glaciers from seven 
0 fifteen miles long ivhich descend from the great snow-ice fields at 
nd near the summit of the peak. One of the largest valley glaciers 
n the world is the Beardmore. iv'.dch extends from the ice «p on *e 
Antarctic Plateau to the Great Ice Barrier on die coast. This nobon 
if ice is 12'i miles long and from 10 to 20 miles wide. 

\ piedmont glacier is formed bv die emergence of a 
.pen an adjacent lowland. Not infrequentlv a "““^er of pi^ont- 

X ” noer, coni C.bc iecs ol chic cvpe ace uneniporecn. cn 

i.:;!;. ihreXa, plXnanv piedmont giacierc ecceed even m 

T '" t ‘’llliilfcreXCXn of Che underiving rock floor 
ice extemihij oiuuaid irom "" ™ J ar vallev gla- 

iovc pcecxhicm v allevc and ''"Xa eaC « ac.erv are in Norevay. 

Gers. The Iw^t known examples of plateau , 
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Two great regions, Greenland and .Aaitarctica, are large!) co\eied 
by conifnental glaciers or ice sheets. These glaciers have a broadlv 
domed surface, and their form is quite independent of local topog¬ 
raphy. The Greenland glacier covers all of that great island except a 
mountainous belt along the coast which is five to t\sent\'fi\e miles 
wide. But large as is tliis ice mass, it is dwarfed by the glaciei capping 
.\ntarctica, which has an area of about 5,000,000 square miles. The 
averao^e thickness of the Antarctic ice is several thousand feet. 

O 

During the Glacial Period, continental glaciers in North America 
and Eurasia were many times larger than the Antarctic ice mass. 

Origin. The conditions necessar\' for the existence of 
glaciers are (1) temperatures most of the time below freezing and 1 2 1 
abundant precipitation. The former condition is met by higli lati¬ 
tude or high altitude, or both. "Without abundant pre< ipitation gla¬ 
ziers will not form e\ en though temperatures are low. for sno\c and 
ice in a tliin blanket, instead of accumulating into a glacier, will 
lisappear through melting and evaporation. The high mountain 
diains in Alaska, British Columbia, Washington, and Oregon, bur 
iering the east side of the Pacific, are well watered bv tlie prevailing 
A’esterly winds, so they are ideal places for the fonnation of glac iers. 

However, tliere is abundant evidence, including both glacial ero 
iion and deposits, that during certain past epochs continental gla- 
:iers pushed into what are today temperate latitudes, that vallev gia- 

riers extended much lower in mountain canvons than thev do no^\. 

• < 


ind that they were present in mountains which are no^c ice iree. Dm 
ng the recent glacial period the snowline (limit of perpetiuil snow, 
iveraged about 4,000 feet lower than it is today. Obxiouslv. tliese 
)eriods of expanded glaciation resulted from temporarily lowered 
emperatures. 

Movement. The movement of vallev glaciers has been 
ikened to the movement of a river, but there is little actual simi 
arity between tlie two beyond the fact that each flows down a \alle\. 
ilaciers are brittle solids which flow under pressure but which ciat k 
nd break open upon passing over uneven plates on the vallev floor, 
lecause of their rigidity, glaciers can move uphill where there is 
iiflicient ice to overflow the obstacle. Rivers, of course, neither crack 


pen nor run uphill. A continental glacier moves outward from us 
omt of origin, where high precipitation has caused snow and ice to 
ccumulate to such great deptlis that an outward sloping surface is 
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)du( cd regardless of local topography. The principal movement 
ice in a continental glacier apparently is confined to the marginal 
le. 


The movement of ice involves more than simple sliding. Probably 
? most potent force is freezing and recrystallization. Ice at the sur- 
:e thatvs under the heat of the sun, and more deeply buried ice 
ly liquefy due to the pressure upon it Achich lotcers the melting 
int. Some of the melt Avater may escape from the glacier by evapo- 
;ion and run-off. but part percolates into sections of the ice mass 
lere the temperatures are below the freezing point, even at the 
essure existing there. This Avater refreezes. Because Avater expands 
)on freezing, pressure is exerted Achere this change from liquid to 
lid is taking place and movement Avill result. The principal move- 
ent is in the direction of least resistance. Avhich is doAvn slope. The 
lative importance of moAcment through recrystallization is shown 
■ the behaA'ior of modern vallev glaciers. Achich mo\e much faster 
irino- the relativelv Avarm summer months Avhen melting is at a 


aximum. 

The rate of flow of sereral modern glaciers has been obtained by 
•is ing stakes across the surface of the ice and determining the posi- 
311 of the stakes with surveying instruments from time to time, 
ime alaciers moi e but a feiv inches a day, while others move several 
et The central part of the Mer de Glace in the .\lps moves at the 
.te of 27 inches dailv. In 1820 tliree guides attempting to ascend 
[ont Blanc in Sivitzerland uere caught in an avalanche and buried 
I the ice of a vallev glacier. scientist well acquainted with the 
tte of flotv of .\lpuie glaciers predicted that the bodies would be re^ 
.vered at the terminus or joot of the glacier in a period of So to 40 
.ars. l•-ort^ -one vears later the bodies appeared, after having trai¬ 
led nearly 10,000 feet at an average rate of about 8 inches a a%. 

Ghciers are analagous to rivers in that the rate of movement is 
m ^^ame at all jH-mts. A vallev glacier, like a river, moves tu a 

ister rate in the middle than at the sides, so that ^ roii o sta 

, • . .tniaht line soon has a decided curve 

' n “ Uck’of ivunon ako alio,,, .l,e upper par. of a glacier .o more 
,«e. tl.ao .he h e near „a„y vallev 

,ane.reZrrn .o .lie sea and even on. in.o 1. for shor. d,,- 
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tances {Fig. 66). Glacial ice can exist below the snow line because it 
is consLtlv replenished from the great snotc and ice fields is hah he 
at the vallev head. The lower limit of a vallev glacier depends upon 
several factors. One is the size of the glacier. The gieater tlie lolume 
of ice. the farther it can flow into the areas of higher tempciatuie. 
because of the greater quantity of ice to melt. The speed ut motion 
is also a factor. Otlier things being equal, the faster the glat lei nio\ es 
the farther down the vallev it can advance. Of prime importaiu e. ot 
course, are the temperatures encountered in the loiver iallc\. Cha- 
ciers occupying tlie valleis in tlie mountains of tlie Alaskan coast ( an 
extend to the sea because of the relatively low aierage tempciatuie 
at sea lei el. The glaciers on the south side of Mount Shasta in C.ali- 
fomia descend to an elei ation ot 11.000 feet, while on the nortli side, 
where the average temperatures are lower, thev extend to an eleva- 

tion of about 9,000 feet 


Glaciers are spoken of as • advancing " or ‘receding. ' These 





Fig. 66. A glacier goes to sea. ChilcU Glacier, 
.\Jaska. B\ Henry Landes. 





- 









143 


Ice as a Geologic Agent 
glacier; in fact, some might,- rivers have melting glacial ice as their 

sources. . i • i 

The cracks, or that develop in glaciers result either from 

irreonlarities in the valley floor or from different rates of mos ement 
in different parts of the slowly flowing ice mass. Toward the foot of a 
valley glacier, die direction of the crevasses roughly parallels the i al¬ 
ley, because of the tendency of the glacier to spread lateralh at its 
lower end. Fardier up the valley, the crevasses run across the glacier 

more nearly at right angles to the valley Avails. 

A glacier picks up and caiTies dirt and rock. These ice-transported 

materials are referred to as moraine. Because of the doA\n-\alleA 
movement of the ice. the morainal debris is carried to the foot of the 
glacier where it accumulates, forming terminal moraines, as the ice 
melts. The morainal materials accumulating at the sides of a glacier 
form lateral moraines. \\ here two glaciers merge at the forks of a 
vallev, their inside lateral moraines coalesce to form a medial mo¬ 
raine which lies out near the middle of the glacier below the forks. 
Although diese moraines are dark in color and appear from a distance 
to consist solely of rock and debris, examination shotvs them to be 
ice containing scattered rock fragments of var) ing sizes from pebbles 
to boulders. The term "moraine,” Avith its qualifying adjectives de¬ 
noting position, is also applied to the rock debris after the ice has 
dropped and abandoned it by melting and evaporation. 

\Vhenever the temperature rises aboA e the freezing point, tlie ex¬ 
posed ice of the glaciers begins to melt. On Avann davs. Avater is 
formed in considerable volume tlirous^hout the length of the 2 clacier 

o o o 

and creates and feeds a multitude of streams that have their channels 


on top, within, or beneatli the ice. Because of the crevassed charac¬ 
ter of the glacier surface, streams in most cases do not travel a en far 
on top of tire ice but tumble doAvn a crevasse into the ice to folloAv a 
lower channel. The loAver terminus of a vallev glacier mav have manv 
streams emerging from the ice at different points and, farther dow n 


valley, coalescing into one big river. .\ large quantity of water also 
issues from the sides of the glaciers next to the valley walls. Tlie \ ol- 
ume of water emerging from a glacier varies enormously bettceen 
winter and summer, and even between night and day. A fetv glaciers 
terminate, at the present time, in a lake (Fig. 68). 


Observations of present valley glaciers, together with obsersa 
tions made of the relatively small continental glaciers existent lod.iv 
permit us to interpret the record left by the tremendous glaciers ot 
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■ past, (icolooists believe that the continental glaciers were crev 
L’(l in the marginal /one at least. Avhere inox einent tvas taking [>lace. 
\c\ ^vere CDiiiplctely encircled by terminal moraines. Lateral 
naines did not exist, except along tlie sides of tongues which pro- 
ted out from the main ice mass. The amount of water discharoed 
nn the continental glaciers was enormous, especially where ice 
fcts reached relativelv k)Av latitudes. This ■water issued forth from 
Lintless points about tlic periphery. 


HOW GI.,ir.IERS WORK 

Like wind and rnnninja, water, glaeiers are important agents of 
rsion and deposition, but tlie meehanics of the proecsses are quite 
dcrent. 

Erosio)}. Glacial erosion is accomplished mainly by 
ucki>i;j; and iibrnsioii. Glacial ice freezes onto a joint block (a mass 
rock tvhich has been loosened by jointing) and. as the ice moves 
iward, ‘ plucks" or quarries out the block and carries it along. A 
llev glacier erodes bv plucking at the head of the valley, where it 
constantly pulling awav from the mountain side, and from the 
llev trails and floor. Plucking by a continental glacier is confined to 
c floor. A gl.icier. riding o\ er a bed-rock hill, does not pluck from 
e “upstream" side to anv great extent, because the hill itself blocks 
e removal of the rock; but on the* dotvnstieam side, where the 
11 slopes in the direction of glacial movement, the ice commonly 
eezes onto a jointed block of rock. |du11s it straight out, and canies 
atvay. because of this plucking, glaciated bed rock hills ha\e theii 
eeper slopes, ;is a general rule, on the side toward which the 

e moves. 

h e alone is softer than rock, hence it cannot abrade without tools, 
he abr,tsi\cs used by moving ice are rock fragments, whose edges 
Dtrude from the bottom or side of the glacier and abrade or wear 
uk with whiih thev come in contact. Glaciers also remove loose 

Lris which is pushed ahead by the advancing ice front. 

■Euinsjiorlntion. The rock load is transported in manv 

ises for -reat diM.nues bv the moving ice. Most of the load is carried 
ihc botto.n ol the ice and, in vallev glaciers, along the sides. 

\’ dlev olaciers receii e showers of sliding and falling rock from the 
een mUcv imlls .tboi e: at first the fragments are earned on the top 
( ,he i. e bnt l,uer murl. of this debris trorts its tettv dotvmrard tnlo 
"ire. The stre.tttts et.te.-e.bg bom the bon. of .a glac.er are loaded 
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with detritus, which they may transport far bevond the margin of 
the ice. Although tJiis material is transported by running water, i 
may properly be considered a bv-product of glacial actn itv. because 

IxJth the water and the detritus come from the glacier. 

Deposition. The material transported h\ glaciers 

eventually is deposited bv the dropping of debris under the ice as it 
moves forward, bv emergence at the end of the glacier, and bN aban 
donment when the ice melts. Deposition under the ice occurs ichen 
rock works its wav chieflv along crevasses through the ice until it 
reaches the floor over which the ice is moving. It mav then be dragged 
along and dropped when the surrounding ice melts, or it mav consti¬ 
tute too big a load to be carried farther, so that the glacier o\er- 

rides it. 

A glacier is continuously bringing material to its lower end. A\’here 
it is deposited when the ice melts. Tlierefore tlie debris scattered 
through a glacier is destined to be deposited at its foot or, in a conti¬ 
nental glacier, along its margin. 

The disapp>earance of a glacier causes deposition of all the ma¬ 
terial in the ice. Even though the glacier front may be retreating, 
there nevertheless is fortvard movement of the ice until the glacier 
attains the last stages of stagnation. Therefore, as die ice melts, addi- 
tional debris is brought forward, so that a thicker veneer of material 
is deposited than would be by the melting of a stationaiw mass of ice. 

The rock fragments carried awav from die ice bv sub-glacial 
streams is deposited principally during the waning of flood waters. 
Much of this sediment is so finelv ground by the glacier that it is 
carried to the sea before being deposited. 

EROSION BY r.ALLEY GLACIERS 

Erosion bv valley glaciers has caused the removal of great volumes 
of rock and has produced various changes in topography. Some of the 
land forms are readily recognizable and can be used to pro\e the 
past existence of glaciers. Glacial erosion has produced unique fea¬ 
tures of great scenic charm, which are enjoyed by tliousands of 
people each year. 

Cirques. TTie gap formed at the upper end of the 
reservoir ice of a \alle>- glacier as the ice pulls away from the head ol 
the valle> in its forward movement is intermittently filled with snow 
This snou turns to icc, thereby becoming a part of the upper end o( 
die glacier. Each time the ice pulls away from the vallev head, it car 
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DKP<f^fT> OF VALLEY GLACIERS 
0- . . During their life time, vallev glaciers de- 

it n.rn . -f the dclnds ^chicl^ thev carrv, and all of it is dropped trhen 
he id di>ar)nc-ars. Dep.'sitiun is tonfined to the floor of the valles. 

h.;e ue h.is left, some or e\en all of the unconsolidated 
:v ^ciimen: m.u he removed hv streams. The general term ap- 

rh, x.ur.m txpes of dep..sits resulting; from -laaation is 
th. o ..ivalur torm of traii'ported rock mantle. Like uinci 
., ■. it cosL-rs the hed rock o\er tvicie aieas. 

d,;A npes: unvtratified. or till, and stratified, or gwem- 
po ;/d,.j-„,uted bv and from a gl.acier mithom the aid 
od . Lnlike uind and running mater, moving ite dot:^ 
■u-i.ii it transports and deposits. Small paiticles 

.,'!,','i!'dv:s tommonh .ue deposited together; iheie- 

: .o: .tv u..t >:ratihed as are other tspes ot sedimen- 
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Geologic Processes 



iis ' '1 iciii. .inci the different ivpes of drift deposits have charac* 


shapes that will be described in the foilowing paragraphs, 
lie niateiial in the deposits consists of nn^tratified till, and tlie 
‘arsci pebbles, cobbles, and boulders oreiierallv arc niiu h more angii- 
1 titan those rolled down a stream bed bv running water: transpor- 
tiesn in a alacier ccammonlv results in the rounding of the edges 

« N ^ 

id corners of rock h'agments. producing subayigular shapes. In addi- 
on. scame of the fragments are scratched or striated as ihev rub to- 
?ther in the drift or scrape against the floor of the vallev. 

Till deposits of vallev glaciers include various tvpes of moraines, 
ad i(h7c\ trtiiri < result from glaciofluvial deposition. The morainal 
eposits are named according to tlieir positions in respect to die 
lacier. 

4 

Termitial and recessional moraines. The most promi- 
enc moraines left bv vallev glaciers are the terminal and recessional 
loraines. -which commonlv extend from wall to wall across die val- 
Thev are ver^ inesular. ridge-like masses of glacial till. A termi- 
()/ riiOi'niiit' consists of material, originalU scattered through tlie 
lacier, tvhicli teas brought down to the end of the glacier where it 
,as released bv melting. In general, the longer the lower end of a 
allev ijlacier is stationars . the greater is the size of the terminal mo- 
aine. because much more debris will be brought foncard and de- 


)Osited. 

A recedine glacier does not retreat at a constant rate. There are 
leriods rvhen die edse remains stationars- or even advances for a 
hort distance. Moraines are built at the foot of a receding gl^i^er 
vhenes er tliat edge remains stationars for anv length of nine. This 
v pe ot terminal moraine is called a recess,oual ,norame. since it lies 

behind the terminal moraine. 

I.uenl monmes. Tlie melting of a vallev gl.iciei 

atises the deposition of rock fragments in lotv ridges along the vallev 

lidcs Thehc are called lateral moraines. 

Giou.id moraine. .\s a vallev glacier recedes, the de^ 

hrts in the tee mass ts let dot, „ onto the vallev floor as an ttnstratifled 

,-„rr of a vallw gl.aeier scatters 'loX 

siderable dist.nue. ^ sediment will con- 

train. \Vith the recession uf the ice. ^lac 
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Ice as a Geologic Agent 
nue to be deposited, in many cases on top of earlier^eposited 
ound moraine. 

EROSION BY CONTENENTAL GLACIERS 

Denudaiion. Continenul glaciers are ver> acti\ c crod 
g agents, plucking debris and abrading rock surfaces over wide 
eas. Most of the material removed is mantle rock, as it is most casiU 
Fted, but there also is vigorous attack on bed rock (Figs. > »A and 
rB). The tM’o largest of the North American ice sheets dining the 
cent Ice Age had tlieir centers just tvest and east of Hudson Iia\, 
central Canada today, the soil mantle is ver> thin and in places 
issing, over thousands of square miles. While continental glaciers 
inude great areas of soil cover, much of the material rcmoNed is 
bsequently deposited near the margin of the glacier. 

The direction of movement of glacial ice over bed-rock surfaces 
n be determined by the presence of striatious, roughly parallel 
ratches or grooves made bv protruding edges of rocks carried near 
e bottom or side of a glacier. The direction of the striae give the 
rection of movement of the glacier at a particular jx>int. 

Striations and grooves are abundant on the bed-nxk floor ovet 
rich the North American ice sheets passed Tigs. 76 and 77). The ice 
» scoured out in the bed rcxk a multitude of depressions tvhich are 
m filled with water. Hills overridden bv tlie ice were smoothed off 
I the side from which the ice came and were steepened bv phu kini' 
i the other (“leeiiv'ard”) side. Rock masses protruding af>ove tlie gen 
a] surface of the region were rounded off ('■sand-pap)ered") b\ tlie 
^ments frozen in the base of the moving ice. Sucli rounded rfx k 
lobs are known as roches moutonnees, because from a distance tliev 
semble a flock of sheep. \’alley glaciers also produce roches raou- 
anto, though in much smaller numbers. 

Erosion by glacier-controlled streams. C>nlv in rare 
ttances are tlie streams flowing beneath an ice sheet capable of e\- 
asively eroding the bed rock, for they are so overloaded with debris 
at they deposit rather than erode. However, pre-existent streams 
ly be dammed by advancing ice, and large bodies of svater mas lx- 
ipounded as lakes. Eventually a lake may spill over the rim of the 
mporary reservoir and cane a steep-walled valley across (ounm 
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Ice as a Geologic Azent 

eir old vallevs. However, after the Ice A-e. .e^eral ncers ! 

. diis manner did not revert to their fonner courses. 
e meanwhile cut their new vallevs to a lower le\el. I in- 
iver in the Dakotas and the Upper Ohio River are wam-A 
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DEPOSITS OF COMISEyTAL GLACIERS 

Naturally, the enonnous amount ot debri> up 

jtward movement of a continental ice siieet is dc{>^"‘itud ’ 
leet recedes or disappears. Unlike the drift of ^allcv ,Lit lu!^ 
ft by continental i^laciers is not confined to die M(M*r ut a \ a U . 
strewn over vallev and div ide alike. In the nt a th-i eiur.ii 1 ii 
ates and southern Canada, vast areas are veneered u itii a!.i‘ i •. <p. ni 
^posited bv the last of the four i^reat ice sheets that s}.n(.ad ci 
jrthern North America during the leieiu Ice A^e- 
Continental glacial drift can he distinguished ti^ni ^•ther tvp>cs 
nconsolidated sediment hv the criteria u^ed t-n ideiuitu .Ui* :i -it 
nft dnipped bv vallev ghuiers. Ordinarilv a uukIi greater vai ier'. <‘t 
>ck tvpes is represented in the drift of an ice slieet tiian in - t i 

dlev glacier, or in anv other tvpe of r(xk mantle. I /O' ;a -n 

‘suits from the fact chat a ^greater area is covered bv an ac ^ . r' 
lan Is tapped bv a vallev glacier or even bv m-tst rivet > k h 
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menu collected over thuiuands ot square nnie> min,ie o. 

are deposited near the margin ot the 4 lai iei. 

Terminal ami reeesnonal m'^ ainf •. Dep -ira'i! a ^: 
minal and recessional moraines bv ke sheets is sauiiu 
vallev glaciers, but there is a '.ireat ditfeieme m ttu- icu.!^ ■ ■' , 

its. The length ot the terminal or recessional moraiiU ' a 
glacier is limited be the sides ot the \a!le\. the termin i, m ; .:s ' 
a continental ice sheet, in theors at least, c.mpletei'. cm m. .. • ■ : 
sheet, marking the maximum extent ot the ire. .md na o . 
sands of miles in length. Actualh. the mat4111 ot the r r v - 
not stationarv at the same time at ecer\ [line, so t!ie teimin.i. -.n . . . 

cessional moraines are not (.*'ntnui'>u>. I‘tc nutMinuiii i 

last North American ice sheet is marked h\ a leiniin.il naa om - 
sistino^ of a series of arcs marking die [> *sic:t >n i •[ r:u- tn - ’U" ! ■ ." ;n: 
which the mar'^in ot tlie ice sheet t\as ciisKUci r.ua.iC. : • 

4 I 

ate terminal moraines, and \ut!un the aiaa i'>cticu r>'. t:tk 
ad\ance. is a series ot recessional moiaino iiuOk > 
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standstill during the gradual retreat <'t the ikC. 
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Fig. 79. Rolling topsgraphv caused bv erosion 
moraine. Doniohan 0>unt\ k .n^<x fi- /i ,, r.. : . . , 
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Mcodn^ ot the continentai ice slieets 
^T 'una ir,-*r:iine. Betause this material is 

'i^. ''.'-licie u IS raclier easil\ remroed bv 
■rainc is a iniuli niure prominent feature 
..-.n "i \awe\ alatiati<.»n. Areas cosered h\ 
,cnt:\ r<*iiin_' iiills or j^Iains Fi^. 79 . 
O'.an liic terminal m'.'raine. akhou'^h 
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hisher and steeper than the opposite end. While the evidence ,s , 
mistakable that drumlins are deposits of contmenta ice s lee sic 

chanics of their deposition has not yet been explained ; 

Larire boulders transported by glaciers are tailed evrahrs (Fi,^ 
81). In some instances, erratics have been deposited from the ue in 
strange positions, such as at the top of a knob of bed rock, creating 

one type of “perched” or “balanced” rocks. 

Glaciofluvial delwsits. An enormous amount oi tlic 

material transported by continental ice sheets was deposited hv 
streams Howing under and beyond the melting ice. This tvpc ol drill 
is stratified because it was sorted by current action before being de¬ 
posited. Some of the debris is deposited in the channels occupied In 
the rivers flowing beneath the ice. On the other hand, fineh piiUei- 
ized rock, called “rock flour,” will travel great distames. even to the 
sea. During the Ice Age. great quantities of this rot k flour, deposited 
along stream courses, were picked up by the wind during pei iods of 
low water and blown over hundreds of square miles. This is thought 
to have been the origin of part of the Mississippi \ alley dust or 

loess deposits. 



Fig. 81. Boulders or erratics deposited by a continental i<e sheet 
Princeton, Massachusetts. By IF. C. Aldeti. Courtesy Cieolay^uul Sun- s. 
Department of the Interior. 
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L,pc ur giacionuvial deposit results from 
ice vait.ng. Icebergs, liaving broken off from a glacier, often carry 

ock Iragments for considerable distances before melting causes the 

eposition of the load onto tlie floors of rivers, lakes, or seas. 

E,l<ers. Ri^■ers running beneath a glacier deposit sedi- 
lent just as rn ers do anv^chere else. Hotvever, because the subo^lacial 
L.nnel ,n tvhich the stream runs has a flat floor and an arched roof, 
lie deposit of sediment left in the tunnel is flat on the bottom and 
as an arched upper surface, tlie reverse of the form of a normal 


tream deposit. "W hen the ice melts, this ice tunnel deposit, composed 
f stiatificd sand and gravel, makes a low, winding, elongated ridge, 
r esker, sometimes many miles or even several score of miles in 


.ngth, F.skeis locate the paths of subglacial drainage beneath the ice. 

Kdtties aie elliptical or dome shaped hills or irregular 
ummocks. less elongate than eskers, but composed of similar strati- 
ed materials. It has been suggested that they were formed by sub- 
lacial streams at the point of emergence from the ice where the 


Linnel widened out. 


OuticasJi plains. The outwash plain formed by streams 
merging from a continental ice sheet is comparable with the valley 
rain formed beyond the margin of a valley glacier. Outwash plains 
oread out over hundreds of square miles and slope gently away 
roni the margin of the ice sheet. ^\'hcre ice has blocked preexisting 
raiiiagc, temporary lakes are formed in \vhich, due to the sudden 
becking of ^ elocity, entering glacial streams build large deltas. 

Moraine lakes. Because glacial deposition has been rela- 

ivelv recent, time has been insufficient for establishment of com- 
* 

lete drainage, and the glaciated area is thus covered with a multi- 
.ide of lakc,s nliich eitlier occupy basins in the bed rock or depres- 
ions ill the suibuc of the ground moraine. Where the preglacial 
j|)ogra|)hv icas rough, the drift does not cover bed-rock ridges and 
ills but occupies the valleys, where it often dams streams and 
npounds lakes. 


or. tCr.lTlON AND HUMAN ACTIVITIES 

Ffhuts ujH>u laud ntilizatiou. Both the physical ap- 
c.uanc e of a region and its utility may be greatly changed by glacia- 
ion. krosiou bv ice strips off most of the soil cover, exposing broad 
vjranses ol bat e roc k. Such areas are to be found in Canada, where 
he 'n e.it it e sheets of the rcc ent Glacial Period accumulated. Similar 
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bare rock areas exist in Utile or no 

dev:,op.e„ in..po..b. .H.e .,e ,on 

co..ae.«v — 

and Ells *: valleys svnh drlE. so dm .he ^ ‘.i,, 

the otlier hand, if tlie ice advanced o\er a plain, - 

completely covered with ^ound moraine, and t m 

considerably gresater relief. In either Csase. because ot a i 

the drift, tiie posi-ghacial drainage is less mature t lan je o c 

ice came and swamps and lakes are aljundant. 

.XL areas U.eL.l has been enr.ched bv S'-ia.lon. because sub- 

sunees essen.ial to plan, grow.h have been brou,!.. ,n .a mans 
cases, hoscever. .his gain is offset bv d.e he.erogenei.v in s./e ot U t 
material in the drift. The great abundance of eiratu boulde.s 
New England h.is been a handicap to farming since the first .luempts 
by the early colonists. Since glaciofluvial deposits are sorted, areas 
covered bv the finer textured sediments make some of the be^ agn- 
cultural land in tlie regions covered bv continental ice sheets. Tins is 
especially true of the Hoors of the temporarv lakes which fTinzed t.ie 
ice sheets. During the last ice age in North .\merica a large bodv of 
Nvater, called Lake Agassiz, rvas formed in rvhat is noiv the Red 
River Valiev of Minnesota, Nortlt Dakota and Manitoba. This lake 
was larger dian any of the Great Lakes. \Vith tire retreat of the ice. 
most of die lake drained into Hudson Bav. but some remnants, in¬ 
cluding Lake "Winnipeg, Rainv Lake, and others, still exist. 1 he 
abandoned floor of this lake is one of die richest agricultural regions 
in Nordi .America, because of the fertilitv of the fine sediment 


which lies beneath. 

Scenic and recreational areas. The regions wliere 
mountain vallev glaciers exist today possess great scenic charm. For 
many decades people have traveled to the Alps to see the hi^^h, 
rugged mountains tvhich have been sculptured b\ glacial ue. In the 
canyons are many valley glaciers and hosts of permanent siftw ii e 
fields. The vallev daciers on Mount Rainier, an extinct inic 
cone in western AVashington, have alreadv been meniioncd, 1 he 
Government has set aside this mountain and some of ilic surrt und- 
ing area as a National Park, and it is visited annuallv by tlioub.inds 
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river folloAved this temporary 

the rner run reverted to its old channel. 

ThT'c'etrittus .hrough glacial ac.ivin has "ae„uo.,cd 

In man, places in this chapter. Some “f^ 

L scoured out by one of the continental ice sheets, tnnio. d | ^ 

eladal valleys helped to create the Finger Lakes in Ncni ^..lk and 
Lake Chelan in W ashington. Erosion by valley glaciers h.is plot ii< cj 
mam small but beautiful cirque lakes. Scouring combined « th 
damming by morainal deposits, made beautiful Lake Louise m he 
Canadian Rockies near Banff, many of the famous lakes in he .Mps^ 
and thousands of lakes in other mountainous areas. Eien the Crea 
Lakes were evolved by a combination of scouring, drift damming. 

and warping of the earth s crust. 

Economic products. The quantity of sand and gra\cl 

produced annually from glacial drift in the United States is enor- 



Fig. 83. Valley glaciers which reach the sea are the sources ol iccbvi 4 > n 











CHAPTER 
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Direct Action of Gravity 


Gravity is the force that moves mat 
ter toward the center of tlie earth, or toward the tenter ol otlici 
cosmic bodies. Since earliest time, gravity has been a dominant fac 
tor in the geologic processes operating on and within the earth. Xh< 
downward movement of rain and snow is due to gravity. Water run 
ning on the earth’s surface, always seeking a lower elevation, owe! 
its movement to gravity. The slower movement of undergrounc 
water is due to the same force. 

Gravity also causes the downward settling of windblown materia 
and the deposition of sediment in the channels of streams and on tlu 
floors of lakes, seas, and oceans. Lava erupted from a \'olcano flow; 

« 

downgrade until the congealing of the liquid rock prevents furihei 
movement. Likewise, glacial ice moves because of the force of grax ity 

It is believed that gravity also operates on a much grander scab 
within the earth’s crust, causing lighter segments, such as the conti 
nental masses, to stand at higher elevation than the denser ocear 
covered segments. Similarly, the loading of the surface at any oiu 
{^ce, as in large river deltas, causes a slow sinking of the underlying 
crustal segment, which will be compensated by an uplift elsewhere 
This gravitative adjustment of the earth’s crust is known as isoslasy 

From these examples, it is evident that gravity is the fundamental 
force in the operation of most geologic processes. Its work is dont 
mainly through such agents as water and ice, and its results are de 
scribed in other chapters. This chapter is concerned with three tYpe? 
of deposits and land forms that are produced largely by graviix. Tlu x 
are (1) land forms resulting from subsidence of the surface. (2) 
those formed by the accumulation of fallen material, and (5) thoM 
formed by mass movements of rock in a direction principally down 
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% 

i!il I'M! wiiii .I (I lu>ii/i>nuil ct)iiipoiient. such as land- 

v I \Mi in iluNc nu>\cincnts. c>ihcr geologic agents, especially 


W \ i' i 


V. .1 U 1 , I Mil U 1[KIU\ 


SlItSWEyCE 

Sul'siiloni c is till' iloMiiviavil moM'iiii'nt of eartli material Iving at 
lu.n till luil.ui . It ii i'>iL'niiall\ vciiiial motion with little or no 
' 11 /' iiii.il n 'in j>> Mient. 

t'l Mil'UtU tur. The primary forte producing 
ihiidi iti t i' ata\it\. lUit htfovc gravity tan att, other agents must 
;u rail so ,is to lU .iit spai e into wliith the earth materials can sink, 
.'ih naiin.i! aiul Iminan aeentics tan trcate tonditions that will 
lUse suhsuh iue: tlie innntdiale lause mav he either the attual re- 
,i i iuh inaiirials from hcncath the surfatc or the compaction 
I tin mull thin- rotl. In the former ease suhsidente at the surface 
.;! r.llou tile l.iilure and collapse of the roof above the void zone. 
1 hi tonnation of lases h\ solution of minerals of soluble rocks 
,.,„nul Maters was desiribed in Chapter 4. Rocks especially sus- 

nr1 

, ; •! li >.< t< 1 U Mi' 
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. ,1 in this m.iimer are limestone, gvpsum. and salt. 

le bmniii- ol i..mbustible m.iterial. suih as jieat and coal, will 
he, I, oe redu. e the \olume of rot k beneath the surlace. Openings in 
„„ ,h posns are h.rmed through the melting of isolated blocks 

' Chilnwn^mas ,dso nsult Ivoin the mechanical remmal of earth 

I ), .asu mails. an underground stream h.as suihcicnt sc oc- 

,„ 1 , ,hos., lib the roik m its channel, thereby creating both 

,, ,.l ue.ikness along which coll.apse mav take 

i.Muud bs ihe draining otf of still-lupud lava 

\ ,|,e, the top and sides have congeaky. are 

: ,,,.,,h..p.nhnie. in i.,n.s of New Mexico, depr^^^ 

,,,11.,,,sc. ul such l.isa tunnels contain small lakes. 
,,xerbing m.neiial mas cause outilow of beds of 

sM, clas. which will be accompanied bv settling of 
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Direct Action of G r a 1 1 y 

The production oi oil from a pool on the Gulf Coast of Fexa. is 
accompanied by subsidence, but this was an exceptional ca^e. 

Compaction of rock is caused in several wavs, such as overloading 
of the surface, or removal of water by evaporation or bv drainage 
from tlie underlying soil and rock. Drainage of the Engli>h tcnlands 
resulted in sufficient compaction to have lowered the siutace 1 > 

since 1848, 

Results of subsidence. The principal land form in¬ 
sulting from subsidence is a sink (Fig. 84*. Cenerallv tlicsn aic un 
drained depressions, containing pools or lakes where thev arc devp 
enough to intersect the water table. If sinking is due to tailiuc u! 
roofs of caves, the shape of the depression is approxiinatelv that (*t 
die collapsed area. Tiierefore limestone sinks tend to be verv ii ic^ti 
lar because of the ramihing nature of the underlving caverns. C.iiar- 
icteristic features of recently fonned sinks are steep, olten iieariv 
vertical walls. The break at the edge or rim of a sink is at^rupt. .'Sumc 
aarts of Florida and Kentucky contain such an abundance ot Mnk> 



\ 






Fig. 84. Two deep water-filled sinks 16 miles east of Rosuell \r k vi . 

permission Spence Air Photos. 




tr t-f I u ^ I L I / u c t' i t: 

hat the land cannot he cultivated and even communication is diffi- 
uh. \ sink-dominated ic,t;i(')n is spoken of as possessing a karst 
opivajdiv. hecause it is stvikinglv dc\'eloped in the Karst region on 
he easte rn shore of the Adriatic Sea. Fortunately for land utilization. 

4 

)v no means all limestone regions exhibit such topography. In many 
regions either the limestones ha\e resisted large scale solution 
underground waters, or the roofs above the caves have been sufh- 
(ienth com])eteiu to ^vithstand the dotvnward pull of gravity. 

Kettle holes, w hich are lormed in moraines due to slumping ac- 
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companying the melting of ice, are described in the preceding chap 


ter (p. 158). 

Subsidence resulting from the activities of man have, of course 
taken place in historic time. Also, sinkings due to collapse of the root 
overlying natural caverns have been witnessed, although by far the 
oreater number of diese are prehistoric. An acre of land in ssestein 
Pawnee County, Kansas, sank in 1898, and took with it a railroad 


Station. 

Another land form ivhich results from a combination of *j^ouik 1 
water activity and subsidence is the natural bridge. The famous 
bridge near Lexington, \^irginia, is all that is left of the roof al)o\e 
a cavern dissolved from limestone. The cave was elongate, and 
through it flowed an undergiound river. Subsidence of most of itic 
roof exposed the stream; that part which has not yet collapsed 
bridges the valley in which the stream runs. A cave in a gs psiim bed 
in Barber County, Kansas, has also produced a natural bridge be¬ 
cause of caving of its roof until only one small segment remains. 

Collapse breccia, ^Vhere sinking due to the collapse 
of cavern roofs has taken place recently, the ob5er\able result is a 
topographic feature. But beneath the floor of the sink the rot ks are 
unquestionably in a disturbed condition. The highest rocks in the 
collapsed zone may have dropped without extensive shattering, but 
below these, and especially within the space which was once a ( a\c, 
the rock is a rubble consisting of angular fragments of varv ing si/e 

o o o . ^ 

and orientation. Ground water, circulating through this porous ma^^. 
tends to cement the fragments into a coherent rock known as lne(( ul 

(Fig. 85). 

Such collapse breccias have been exposed by the fon ts of erosion, 
especially in the vicinity of Mackinac Straits, which lie between tiie 
Northern and Southern peninsulas of Michigan. In lairlv earlv geo¬ 
logic time, the area was the rim of a rock basin which contained 
thick beds of salt among the rock layers. Ground waters readied tlie 
salt from beneatli the rim of the basin, creating enormous eases. 
VVTien the cave roofs could no longer support the overlying io< k. 
collapse took place. Sometimes the break was rclativelv .md 

rock fragments from the overlying rock tumbled downwaid nniil i 
rubble-filled chimney extended from the floor of the origin.il . ist 
upw'ard through several hundreds of feet of nxk to the sin l,u t. W In n 
this collapse debris became cemented into breccia, a rock n suit.,I 
which was more resistant to erosion than the surioundin'.i i.k k. ( oti 

























Direct 


lion of Grail 


t V 


u,lU-a air.phitlic.u-i, ...ntparal.lc to tltc cinitt.' "t a . 

K,,. Vlu ua.u' ounpoMH. a vo.k .U ur .Icmo! to.. 

. U H" at it'' lu'ad. ,. i • : 

■ R,.k ^kuua. ucu- Inst tcco.nt/cd in the N./ma o.sttat. K..,a, 


,.,u \ alle'.. Alaska, uIkIc >aci ,;o exist. desu iption ■ 


lU' I 


,«* • ... . 
s ••' 


.; :s«.'-.'. 


. - t'■•■■:»■'• •-■'••. •: -- 






L74 


Geologic Processes 

The 1 oc>^ ulaciLT head> in the talus cones ^vhich have formed at 
...L ' t tlic >iccp rock cliffs. These cones have nowhere growm 

i: I .rac dx^e. the ntatcrials evidently ha\ ing moved on down valley as 
! :!-? ot a lock glacici a> fast as they were supplied from above, 
Fioi.r tlie ba^e of il’io more vi:;torous talus cones, smooth, ridgelike 
liiK- extend on do'.cn the rock glacier, seeming to show that the for- 

ward movement r'eer. tsnifonn and coniinuou-. Longitudinal 
ridges mark the surface for the upper three-fourths of the total 
length of the hove. I cirque basin is a hanging valley extending 
do^v n to an eiCAaiion of about 4,000 feet, below which it joins the 
broad \ -shapt.d \ alie) of tlie McCarthy Creek. As it passes over the 
lip of this lianging cirque the rock glacier cascades steeply down the 
valko side, an.d upon reaching the gentler slope below, being no 
longer conhiud b\ icvirictimt vallev walls, it spreads out in a great 
lobe alon.v ihe valko bottom. In this lower lobe the lonsitu^nal 

O 

surface markings disapjxar and give place to a set of concentric 
lid^f s or ’.vrinkks. The origin of these wrinkles is not clear, but 
tlicA >iroiiLiiv sui:s:cst rings of growth, and may represent the amount 
of annual movement of the rock glacier. At its foot tlie flow has 
jjjushcd across t!te \ailcN boiiom almost to the base of the east 
\ alk'\ ■wall.^ 


Rapid Earth flows, mud flows, and debris 

« * ^ 

a^■alanc!les are examples of rapid flowage. Tliis tvpe of mass move¬ 
ment differs from slotv flowage only in the velocity of tire movement. 
In all cases the flotcase is sufficiently rapid to be noticeable, and it 
mav be swift, and e\en catastrophic if human habitations lie in the 
path of the The reason for die greater velocitv is the presence 
of a lartjer amount of ivater penetrating the soil or rock. ater acts 
as a lubricant h\ decreasing friction; therefore, the more water pres¬ 
ent. tile greater the speed of the flow. It also adds to die rs eight of 
,he mass^ since it replaces air in die open spaces between die 


n.tements. 

Ti.e combination of conditions most favorable for rapid flowage is 
.i:e i.rc<en. e on steep sl.^pes of unconsolidated or poorly consolidated 
nateriais csiaJi hcia.me water-soaked through abnormal precipita- 
di)!! Tiie anxic of rejiose for icet material is much less dian for the 
same- nitei iai v iw-n dre; tlierefore. drx soil or looselv consolidated 
r,xk standing at the angle ot rejwse for dra material is no longer in 

couilibvium v ’lcu u bcLi'mes watered. _ 

The neat Mumxul!ion mud flow, in the San Juan mountains ot 

C olorado adc amed for more than six miles and finally dammed a 

--TTTZ K n R, C Glaciers in Alaska ” Jounuil of Gcolo^, IS. 1910. 
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fork of the Gunnbon River, creating iJke San 

rrarted in leathered and water-soaked vokantc vocks h gh m c 
mountains and flowed down the steep vallev of a tribuutv 

° c'l^rsot "n the sides of vallevs, when sttfiicientlv s.t.urated w 1th 
water, frequentlv start to flow and font, a natrow opemng tn e 
river bank tliroosh whicli a large tolume of maieiial will fl Jw . . 

such earth flows'have otrurred in tlie St. Law rence \ ades. w he. e 
■rlacial class underlie terraces along tiie riser and its in rui.rrits. . 
n-pical flow on the Riviere Blanche in Quebec has been described 

as follows; ,1 

The sloping river b.ink twenty-five to thirtv-five feet m height 

rave wav suddenly and allowed the saturated clav and ovenxing 
sand of the cultivated terrace lands to rush {orv\aid through ^ ^ 

foot <ra.p. _\lthough little or no water was visible, movement of the 
mass^vas rapid and big blocks of the relatively dn upjKr clay and 
sand Boated on die flowing substratum like steamers on a river.' 

.\n area of the terrace some l.TfH) bv feet v idi a voiume e^ii- 

mated at almost o^oOO.OOO cubic yards passed out through the bot- 
Ueneck in diree or four hours, leaving a depression fifteen to thirt\ 
feet deep at the upper end and sloping downward only iweni% oi 
twenn-five feet to the outlet. The material removed filled the 
Ri\*iere Blanche valley for two miles, danmiing it to a depth of tuil> 
n\ent\'-five feet.- 

4f 

Large “clavslides*’ of similar t\pc in Norway are not infrequent: 
one such flow killed 112 people. ^lud flo^vs in tire Alps Mountains 
have likewise overwhelmed and demolished ^ illages. 

A debris avalanche is a flowing slide of soil, mud, or rock down 
steep slopes in humid climates. Abnormallv hea\'y rains increase ti.e 
wei<yht of the mantle rock and at the same time lubricate the mass so 
that it starts to slide. The initial movement is slippage, but when 
gentler slopes are reached the mass ceases slipping and starts to flow. 
This ts'pe is therefore transitional between mass movements entireh 
bv flowa^e and those whiclr consist whollv of sliding: action. 

Rapid flowage lea\es marks by rvhich it can be reccngriized lung 
aftens-ards. The surface at the head /upper end) of the flo^v shows 
sigus of slumping, with backward tilted /slope opposite to that "t 
the hillside) slump blocks. \\Tiere a large quantitv of material is 
moved, the upper end of the flow track is a vallev like depitssi in 
The clav earthflows of the St. LarvTence Vallev produced depressi.tn* 


-Sharpe, C F. Stewart. Landslides and Related Phenomena, pp. Nev, V.;, 

Columbia Uniwrsiiv Press. 19S8. 
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Durango. Colorado, in December, 1932. The mass involved ivas 

ibout 1,800 feet long, 600 feet wide, and 100 feet deep. It mo^t 
:hrough a total distance of about 700 feet. The maximum recorded 

-ate was 45 feet per day. 

Many landslides are started by earthquakes. An outstanding cx- 
imple is the series of slides that occurred after an cartliciuake in 
December, 1920, in the loess deposits of the province of Kansu in 
he interior of China. About 100,000 lives tvere lost by engullmcnt 
n great masses of earth that slid off the hills into the valleys. .Many 
,'illages were completely buried. A sudden slide of mud, roc k and 
iebris, probably likewise started by an earthquake, buried sewial 
iwellings including an apartment house in the town of Juneau, 
Maska, in November, 19.36. A number of people were killed. One 
nan buried up to his neck in tlie slide rock ivas resc ued. A slide of 
^eat magnitude in the Himalayan region was caused by solution: 

Sir William Conway describes the matter of a little shifting of rock 
which caused the formation of Gohna Lake, in the Central Hima¬ 
layas, where the spur of a large mountain mass pitched bodily into 
the valley below. The front of the mountain hacl been undennined 
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b’. until there was no longer sufficient sujjjiort, and in the 

iiikiiiig oi an eve a large ]>ari of the mountain slid down and shot 
a. the vallc\. damming its river with a lofty and impervious 
..ail- Masses oi rock ivtto hurled a mile cru'ay, blocks of limestone 

:>0 to 50 to}is benig sent tltrcjugh the air like huge cannon 

shots. It esti?riated that this slide carried ivith it 800,000^000 tons 
of rock and debris.''^ 

Landslides piajduee a characteristic topography. For many years 
after the slide takes place a \ery definite "scar" is discernible on the 
\allev wall whence the material came. The slide rock itself can be 



Fi'^. 00. How landslide terraces are formed. Multiple landsliding. By John 


leto-ni/ed l)\ tlie reversal of surlace slope, wiiith creates a saddle 
hetv.een the lii-hest point on the block and the “scarred” hillside. 
The >adclle i' huniinotkv and is quite distinct from any topography 

resulting through erosion bv running water. 

Slide^d tlie shnnp tvpe which have not moved out from the point 

ot oi iain fa, enough to leas e a scar can be recognized by the presence 

of sluniiied t,lo( k> arranged in a series of steps or small terraces ( ig. 

00 . The risers ot the steps are steeply inclined or vertical slippage 

m.on. •■Landslides and Rock Avalanches,” National Geographic 
Mara,n„. Vol. Zl. L Ap-d. 1910 - p. 270 . 
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plane,; the surface of the step or slump block in most cases incline 

crentlv toward the riser of tlie next higher rn^nv in- 

° Most landslides come to rest on a valley oor an i 
stances dam the stream flowing through the val.ey. fonnmg a la ^ 
Such lakes are temporary because tlte water flow.ng ot er ti c dam 
soon cuts through the unconsolidated matenal and drams .In lake 
The Gros kentre River soud, of Yellowstone Park was da.unwd bv 
a slow-moving landslid- i" and a small lake was tormvs. pan 

of which still exists. In 1923 another slide ^k place d„„„. 
stream from the first and lomied another lake. This ''"1'' ' ' 

calls- known as the "Kellv Slide. ' was a last-tnos tng slide. N . 


are ^ 


k . 4 ^ 


ous lakes in the Alps and Pvrenees mountain ran- 

'""^nlnSrand other tvpes of mass movement present a serious 
problem to the engineer. Not onlv mav such movements be destruc¬ 
tive to railways, highwavs, canals, and habitations alreadv in exist¬ 
ence but tliey mav also cause a great deal of trouble during work on 
enedneering projects. The sliding awav of a large segment of the 
gr^t earthen dam at Fort Peck. Montana, before construction rvas 

completed, is an example. 

Several methods have been employed to combat mass mo\ement 
One, which has been used with considerable degree of success in 
stopping slow-moving masses, involves the driving of draina-e tun 
nels into the sliding mass, thus lessening the quantitv of rvater and 
thereby reducing lubrication of the rock. In at least one instance 
the slippage planes have been dried out bv hot air forced into tlu 
clay through drill holes. Still anotiier meiliod is to drill a senes ot 
deep vertial holes in a line across tlie sbding or creeping mateviil 

and fill them with concrete. 

Avalanches. An avalanche is a mass of snow and in. 

with attached soil and debris, which hurtles down tlie side of :i 

mountain with great velocity . Large accumulations of snow will sexm 

compact into a dense mixture of ice and snow. ^Vhen a tliaw perm its 

water to accumulate on the under side of such a mass, perctied high 

on a mountain flank, the “skids are greased.” so that the mass nt i . 

suddenlv break awav and rush dosm the mountain side. .\\ .i’ uit 

^ • 

are fearful agents of destruction, for they snap off lar'^^e tiee^ an 1 
overwhelm evervthing else in their path until thev come to rco ,ii 
the fool of the slope. The air in front of an avalanche m n he < tc 
pressed to such an extent that trees besond the path co\errd h\ ihf 
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iuit upiiH'ted h\ the ^^ind. Flie forest clad mountains of the 
tiul Alaska ha\e been gashed in manv places bv mighty ava- 
KiMv In ttu c.iiU Ncais ut tiie lunent ceniurv. an avalanche in 
[ . t .iMadc Mnuniains <>1 Washington caught a train crossing its 
a::) ^oinj)lctel\ demolished it. and killed manv of the passengers. 
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CHAPTER 8 


Oceans and Lakes 


All of the water on the earth s sur- 

face, together ivith that in open spaces below tlie surface, constitutes 
the hydrosphere. The work of running water and ground water has 
been discussed; tlie present chapter is concerned with the activities 
of lakes and oceans. One feature common to both lakes and oceans 
is that their surfaces are horizontal. Because die oceans are inter 
connecting, their upper surface over the world makes a curs ed plane 

referred to as sea level. 

The oceans and, to a relatively minor extent, die lakes are agents 
of erosion and deposition. These processes are most active adjacent 
to the shore line; therefore, the resultant land forms are confined to 
the shores of lakes and oceans. Of much greater geologic importance 
b the function of lakes and oceans as basins of deposition of sedi¬ 
ment brought in by streams and other agents and for sediment gener¬ 
ated by the waters diemselves. Some lakes, especially in the geologic 
past, have also been basins for the precipimtion of chemical com 
pounds, such as salt. The sediment depiosited in a lake has an uncer¬ 
tain future, for in most cases the lake bottom b but a temporars 
resting place. If die lake stands above base level, it will eventually be 
destroyed and its sediments will resume their seaward journey 
through transportation by running water. Although most of the 
sediment carried to the ocean is deposited fairly close to shore, it 
has a much more permanent status. 

In addition to the role played by lakes and oceans in geologi . 
these bodies of water are of great importance to mankind. During 
historic time they have acted as protection from invasion or as path- 
w'ays to invasion. For many centuries oceans, especially, hat e pro¬ 
vided means for the cheap transportation of both people and g<Kids. 
By far the greater part of world commerce b carried on bv water 
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transportation. \\’ith certain exceptions, such as the Great Lakes on 
tlie Xoith .\nierican continent, lakes are not important as arteries 
ot lotinnerce. but lakes have some uses for mankind which the oceans 
do not possess. Most lakes contain fresh water, and many are utilized 
as ater supplies for domestic, municipal, and industrial use. These 
natural lesersoirs also act as a deterrent to floods, affording storage 

©h runoff in their drainage basins. Lakes and 
oceans yield a ^ ariety of economic products ^vhich large numbers of 
people are employed in obtaining. Some coastal districts, such as 
parts of New England and the Maritime Provinces of eastern Can¬ 
ada. ha\ e important fisheries. Other economic products are shellfish, 
sponges, and even pearls. Salt is obtained tlirough the evap>oration 
of both ocean neater and die water of interior salt lakes. Lakes and 
oceans afford recreation in swimming, boating, and fishing: hence, 
beach resorts are an important phase of our life and activities. 

Oceans and, to a lesser extent, large lakes affect the climate of 
nearbv land areas, especially where die prevailing winds are on¬ 
shore. The prevailing winds are westerly; the climate on the west 
coasts of the continents is ocean-controlled to a considerable extern 


Since large bodies of water do not pass through as great an annua, 
temperature range as do land areas, the winds off such waters are 
relativelv wami in winter and cool in summer, lessening the annual 
temperature variation on the nearby shores. In addition, great cur¬ 
rents. sucli as the Japanese Current in the nortli Pacific and the Gulf 
Stream in the north Atlantic, are constantly bringing equatorial 
waters nortlrward while cold currents, like the Kamchatka and Lab¬ 


rador currents are shifting sub-arctic waters to the south, therebt 
furthering this temperature equalization process. Warm winds pass¬ 
ing over large bodies of water pick up much moisture which is later 
droptted on tlie coastal lands. The northern sk.ores of western Nonh 
.\mcrica and of western Europe are well-watered and have mild 
ivinters and cool summers because of the combination of westerh 
uinds and oceanic currents. The annual rainfall and the winter 
snou s are .41 eater on the tvest side of the southern peninsula of Micli- 
igan. facing Lake Michigan, than tliev are on the eastern (Lake 
Huron) side, because tlie prevailing westerlies pass across Lake Mic - 
igan and tlicn dnip tiie .greater part of their recentlv acquired mois- 

Hire on the first ln.nd 3 ie 3 ,s rcriclied. ^ 
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OCEASS 

Distribution. The waters of tlie oceans cover ihicc 
fourths of the earth s surface. If all this water were drained au as. 
the continents would stand as plateaus high alxwe the (Kcanic ihnn.. 
Parts of tlie continental platforms lie below present sea lew t le 
fraction of the earth s surface floored bv continents is actualK <.ne 
third instead of one-fourth. Those parts of the continental platl-rno 
that extend out beneath the sea to depths of about t»(M) ttit an 
knots-n as continental shelves and the overlappitig waters .ivt n 
ferred to as marginal or epicontinental seas. I he eastetn Ixudt i ol 
the North American continent is a continental shelf extendin'.! out 
beneath the waters of the Atlantic for an aserage dtstance of about 
100 miles. The continental shelf on the Pacific side, how exci. is sc is 
narrow, and in places the edge of the continental platfonn pi.uti 
cally coincides with the shore line. The connecting the con 

tinental platforms with the ocean basins are known as conttru ntal 
slopes. Since, as a general rule, the gradient of the slo|>es is a uentU 
one, the fringe zone between the platforms and tlie basins is nian* 
miles in width. The ocean basins are major depressirms in the eartli > 
surface. It is believed that ihev have been in existence ihroiigliout 
traceable geologic history. 

Depths. The average depth of the ex can is apj>r()\f 
mately two and one-half miles. This is about fi\e times greater than 
the average elevation of the continents. ConsequeniK. tlie \(»lunii ol 
wrater in the ocean is much greater tlian tlie volume of land aln^ce 
sea level- The deepest ocean is tlie Pacific, which reaches a maximuin 
depth of about six and one-half miles just east of the Philippines. 

Composition. Between three and four jx^r cent b\ 
weight, of the (x:ean water is mineral matter in solution, of whi< (i 
about seventy-five per cent is common salt (sodium < hloi ide . Other 
important salts are magnesium chloride and the sulphaic^s of mag 
nesium, calcium, and potassium. About one-iliird of one f>er leiii 
is calcium carbonate. Most gecalogists laelitve that the cxeans wer* 
originally fresh and that the principal siaurce of the acquired mineral 
matter is the land above sea level from which it has been transformed 
largely by rivers. Although most river waie*^ is fresli to the taste thr 
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iniounr ■>: mnici'al matter earned in it even vear is enormous, hence 
t-.e is being constantlv enriched in iltese compounds. At the 

san.e time, onlv pure ^vaier is removed bv evaporation. 

Aquatic life. A great varien* of plants and animals 
ive in die oceans and lakes. Manv npes secrete calcium carbonate 
and odier compounds eidier ividiin themselves as skeletons and sup¬ 
porting structures, or around themselves as dwellings in which thev 
live. Marine organisms, especially corals and lime-secreting single- 
ceiled plants called algae, build reefs of various shapes. Tlie coral 
li\ es onlv in shallow icaters. hence the reefs are built up from slightly 
submerged continental or island shores. Ofi die nordieast coast of 
Australia, for instance, the Great Barrier Reef is 1.200 miles long. 
S<.ime of die coral islands of die Pacific and die Bermuda Islands in 
die Atlantic are located where die surrounding ocean floor lies at 
^reat depdi. but wells drilled on such islands have shown that the 
reefs have been built on top of submerged volcanic peaks. 

Manv odier forms of animal and vegetable life Uxing in the seas 
and lakes do not secrete mineral material. 


GEOLOGIC PROCESSES 

In addition to their role of supporting abundant organic life and 
creatinij definite npies of climate, oceans and lakes are also impor¬ 
tant agents of erosion and deposition. 

Moi eriienh of u ater. There are tliree n-pes of move¬ 
ment in ocean icaters: leaves, tides, and currents. Most waves are 
de\ eloped bv leinds bloi% ing across the surface of die water; die fric¬ 
tion or drag of die wind against die surface piles it up in a seri« of 
arches separated bv troughs. The greater the velocity of die wind, 
the higlier the arches or waxes. Most geologic work accomplished by 
leave aaion takes place during storms when the winds and die is-aves 
are -i -h Storm waves, die most important geologic agents, although 
thev can appear in am season, are most frequent during the nanter 
months W ai es are produced also bv eardiquakes. The sudden move¬ 
ment of rocks on die floor of die ocean mav generate waves of great 
size Waxes produced bv eardiquakes occurring off the xvest coast of 
South \menca and off the coast of the Japanese islands have trax- 
elled across the Pacific Ocean. Still another cause of xx-aves of unusual 
ma-n.iude are xolcanic explosions eidier beneath die s^ or in 
Jnl regions The great destruction by xv^ves folloxxang the exp o- 
!;:r id-up- ofk.aU.oa in .8« is described in Cbap.e. ,0. 
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^Vaves produced by earthquakes and ^olcanic explosions n.av Ik 
eighty feet and even more in height. The maximum height ol those 
to^cd through uind motion is about fifty feet, but most ivaves 
are considerably lower. The depth below the surfate of tl.e w.uei 
through which wave motion is felt varies, of course, wiili the sue of 
the waves. A relatively quiet sea will affect the water for onlv a sl.ort 
distance below the surface: the maximum depth througli w lm h 
wave motion is transmitted is ordinarily no more than tuents Inc 
feet, but in seas of unusual turbulence niav reach as miuh -00 
feet. Below wave base the water is quiet and tliereforc not taj)ahlc 

of performing geological work. 

The ocean is never quiet. Though there may not be even a gentle 
breeze, waves will roll across the seascape due to agitation set up bv 
earlier winds or to winds blowing elsewhere o\c*r the <xean. Huni¬ 
canes in the South Atlantic generate waves which travel many miles 

bevond the area visited bv the storm. 

Water waves constitute a form of energ\. Tlie wa\e crests and 
troughs move across the ocean surface, hut there is \cr\ little (oi 
ward movement of individual particles of water, f.ath partulc ol 
water describes a circular or elliptical orbit, the highcit jwjint 
which is at the crest of the wave and the lowest j>oint in the sn< 
ceeding trough. Wlten the water particle returns Ut the top of the 
orbit it is on the crest of the next wave. It the wind is bhiwing the 
particle does not return cxacilv to the same place because the uaier 
at the surface is driven bv the wind in the same diret tion that the 

4 

waves are moving, but at a much slouer speed. 

Rapid forward movement of water takes place when the water 
becomes shallow and the wave breaks. Breakers are caused f>\ tin 


reurdation of the water particles involved in the wa\e motion a> 
they drag bottom. The momentum at the top of the wa\e carTie^ it 
forward, the front of the wave becomes concave, and it breaks. Flu 
water, impelled by tlie momentum which it possessed while at tin 
top of its orbit in the wave, rushes fonvard onto the Ixacb. Flu 


width of tlie breaker zone depends upon die gradient of the brat I. 
and the height of the waves. gently sloping lieat h prcxlutes .. w id. 


zone of breakers. L.arge waves break at greater depths tbati sm.ii 


waves, so the disunce off shore to the first breakers depends i.» v.,n< 
extent upion how' much sea is running at the moment. 


After the force of the breaking wave has spent itself the wain 
thrown upon the sloping beach obeys the law of gra\ itv and runs 
back into the sea. Because some of the water originally came from 
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the most distant line of breakers, an equivalent amount of water 
must be returned that distance. Xhis returning current of water, 
kno'wn as the utidertoiL\ stavs close to the floor of the sloping beach. 
It does not travel out bevond the fartliest breakers. 

4 

Shore currents are set up by waves that strike the coast line 
obliquely, as is usually die case. Some of the water is not thrown 
onto the shore when the wave breaks but is deflected parallel to the 
shore. Succeeding i\'a\ es, and waves farther down the beach, add to 
the longshore movement of water. Currents of this type are persis¬ 
tently produced wliere the prei ailing wind direction lies at other 
than right angles to the shore line. Tliey are also produced where 
headlands jutting out into the ocean cause some stretches of the 
coast to lie oblique to the prevailing wave direction. 

The tide is a bulge or wa\ e of great area caused by die gravitative 
pull exerted bv the moon (and to a lesser extent by the sun). Ordi¬ 
narily this irreat wave has insignificant height, but where its move- 

^ o o o 

ment is retarded bv shalloiv water or by narrow passes into estuaries 
or between islands the water piles up. and die movement of this 
impeded water creates tidal currents which may have considerable 
\ elocitv. 

t 


Ocean ciirretils are large-scale and continuous movements of water 
from one part of the ocean to another. The Japanese current of the 
.North Pacific flotes northward along the west side of tliat ocean off 
the coast of Japan, is deflected to die east and south by die Aleutian 
Islands and th.e .\laskan peninsula, and flows southward just off the 
Pacific Coast of North .\merica. It turns west north of the equator 
and completes its circuit off the Japanese coast. The Gulf Stream of 
the North .\ilamic starts nordi on the west side of the Atlantic, is 
deflected easticard off Cape Hatteras to the European coast, moves 
north into higli latitudes, then west to the Greenland coast and 
south along tlic cast border of North .\merica, where it is known as 
the Labrador current. Both of diese currents carry moderately warm 
water into northern latitudes and appreciably modif>- the winter 


icmpcr»iturt’5 <*f tbc adjiiccnt land areas. 

Erosion. AVaves pounding against a coast are powerful 
agents of erosion and gradually drive the shore line back. «jhe sea 
fl;K,r is sitalloic. the waxes break a considerable dist^ce off shore 
and most of their energx is spent before they reach the *hore l.ne^ 
On the other hand, if the water is deep, the waves break immediately 
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against the shore line and the effect of their incessant driNC is (on 
siderable. Where tveaihering has softened and hKvscncd part> -.t :hc 
shore rock, small fraijments uill be sluiced awav bv the sea svaiei 
thross-n against the face of the rock. Wave svater. daslun- mt- cracks 
and other openings in the face of a sea cliff. nia\ ait a> a piNt*>n. push 
ing the air into a small spate at the end of the oj^enm-. I hi. (-in 
pressed air in turn pushes outward in all directions, len-liiij t<t 
shatter the confining rock. If the rock is resistant and un\\c.iiiiertd 
grains of sand and e\en {>ebbles carried bv the wases at t as abKi<lin4 
agents as thev are hurled against the cliffs. The nxk fragments Huiii 
against the shore bv liie waves are themselves abraded to siuailir 
size. Likewise the sand and gravel particles Iving on the ineaii H*h»i 
within the zone where wave motion disturbs them arc worn b\ inces¬ 
sant rubbing against one an<»iher. 

Currents are much more inijx)riani agents of transjjoriaiicm than 

of abrasion. However, undertow and longshore currents flc»uifig 

* 

dotv'n or alona: the beach after the shoreward surse of a ua\e tend to 
remove the loose material on the beach. And in a few !*H:iiii!c>. 
tidal currents move at such a velociiv that thev vigorouslv coxlc 

their channels. 


oceans are 


Transportation, The methr»ds of irans}xiriati*»n in 
the same as in streams. Nfaterials are <arried in v»!uiion. 


in suspension, bv saltation a series of jumps , sliding, and 
The greater the velocity oi wave or current, ilie heavier are f’.i 
fragments that can be transfjorted. This effeviiselv v>rts the sedi 
ment according to size. 


Sediment is transported by wave action in tw o directicais. .\ wa\i 
dashing up on the beach carries material wiilj it whi»h u dn.j.s 
toward the end of its forward surwe. Then tlie water riinninj b,u k 
into the sea after the wave has spent its furs carries sedintem with 
it. The coarse material is left high on the beach until p*undin:; ajid 
abrasion by die wases has reduced it to particles sufht tenth >m.d! to 
be transponed outward. Sediment also is spread aloni; the l^enh 
where the presailing winds or the presence of a projecting jr.int 

causes the wave front to strike the beach at an angle wa\e th u 

% 

strikes obliquely carries material up onto the beach at an an-!c 
WTien the wave recedes, the water draining into the se t in.oes 
dixeedy dowm the slope of the beach with its load. The iievt 
obliquelv striking wave picks up some of this material, and carries 
it up on the beach once more, but not to the same place. In sii< h a 
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nKiniui. p inu ie> fine ciumgli to he movetl li\ Ka\e action are tmm- 

laicKill^ along die l>each b\ following a zigzag irail. 

I lie \ei\ hnc material carried h\ ilie waierN of a receding wave 
niav lie picked up hv die undertow and carried in su^|»enslon out 
liONond the zone of wave agitation. A greater \olume of sediment, 
however, is carried hv shore turrenis. These not onlv iransptjn nia 
terials obtained through wa\e erosion, but also distribute the ledi 
ment carried in bv the entering streams. The slower mo\ing cur¬ 
rents trans}x>ri material in susjxmsion onlv, but the faster currenu. 
such as those caused h\ tides in ha\s and inlets, are able to move 
particles of sediment bv sliding, rolling, and saltation. 

Deposition. Sediment entering the cxean follow* the 
same rules of de}x>siiion that are in force elsewhere; a dec rease in 
velocitv of wave or current causes the load to l>e dropped. One favew- 
ablc en\ ironment for deposition of sediment is at the mouth of a 
river, where the current of the entering stream is checked. The 
coarser material travels a relatively short distance, but ver^' fine ma¬ 
terial, carried in suspension, may be transported several hundred 
miles out from the mouths of the larger ri\ ers before coming to rest 


on the sea floor. 

Currents moving parallel to the coast are checked where water 
deepens in the many indentations interrupting the smooth contour 
of the shore line. Therefore current borne sediment will be de 
posited at die mouths of bays. In a like manner the seaward movmij 
underiotc encounters deeper water which checks its velocity so that 

the sediment is deposited. 

Another form of deposition is bv prccipiution. If the water be 
comes supersaturated with a panicular compound, due to excessive 
evaporation or other cause, grains of that compound come out 
soluiion and se.ile onto tho floor. In the part, thitk deptmu of salt, 
calc.um carbonate, and other minerals have been lomed tn th.s 

“"iTsdv. there is organic deposition. Some an.mals. tapecialh ^ 
shellfish remote calcium carbonate or other material horn the sea 
tlL svliich to btnld shells or skeletons. These mat accumn- 

late into thick deposits. 


rebuts of geologic processes 

,Mong shorelines, certain topographic features .are developed 
erosion, deposition, or both. 



Fig. 91. Wave erosion of bed rock outcropping at water s edge. In time thn 
coarse material will be broken into gravel, sand, and even silt bs wave action 
Acadia National Park. By Allan Rinehart Courtesy National Park Ser.icr 

U. S. Department of the Interior. 

Erosional features. Nomialh tlie surface of ihc l.iri<l 
adjacent to the coast slop>es toward the txean. Where the slojx i* 
steep, waves erode sea cliffs. After sea cliffs have been driven Iku k 
far enough so that the upper pan of the face is above the re.u h of 
w^aves, erosion continues by undercutting at wave level. When this 
undercutting is sufficient, unsupported masses of rock break atvav 
(Fig. 91). This debris, perhaps originally very coarse, is biokeii 
down by wave action until it is small enough to be carried awa\ b\ 
undertow' and shore currents. 

At the base of the cliff, the waves erode a surface slopinic ^entU 
out to sea, called the wave-cut bench. The agitation of the w.ut r 
above a wave-cut bench is so great that no sediment rernaiiw tlmr 
permanently. When it is ground sufficiently fine to be imivi-d the 
material is carried beyond the seaward edge of the terrace. 

A single stonn may cause noticeable changes in the shoreline W inci 
and wave damage done by the New England hurricane of I9 <j^ was 
described on F>ages 46 and 47. The high winds of this storm createc^ 
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t man and natural features alike. 

' B^ach. esLcriv. Rhode Island, the storm weaves de- 

>:i-cacu -'/aii and a million dollars ^vorih of property, s^vept 

...c .d.aLh c:car Oi iis dunes, lov.ered ii. extended it back into Little 
Narra^anse:: Bav, and opened a sap 500 feet wide in it. At the 
Oi. :hc tne beach was probably coyered bv betsveen 

j anu I'.i tee: ot vrater, Sandy Poin:. adjoining Xapatree Beach, was 
breacn^d h\ v.'.' j breaks, one l.bon feet Ions and the other 900 feet. 
A continuerus beach nearly 5 miles Ion? ’A-as thus broken by the 
?tOiTn in;.o L*:. du .i^lanC" '-'.uih more than half a mile of \eater be* 
r.eevn ir.ena. 

:;e breaks cm into Sandy Pomi in the past haye been 
sceins sale to sa\ that these new breaks will in time 
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healed and 

aiSO Dc ft.icU.* 


\\'a\e erovion acts dirterenrialiv just as do the other agents of 
rosion: softer ro^k i> epxied vrith neater rapidity dian resistant 
xk. This process prcjauces nianv interesting. e\en bizarre, features 
; jnz a coast line. laneous dikes cutting the rocks of the coast in 
i^nie instances are more resistant than the rocks they intrude, hence 
lev form natural sea walls or promontories Fig. 92 . At other 
xalities. these dikes are less resistant than the countrv rock, and 
aves ha^ e cut them av. av. fonnin? caves. Sea cliffs of limestone also 
jiitain caves. Some of these caves were originally formed bv ground 
ater and have been exposed bv wave erosion. In other cases, the 
aves have been made bv waves through a combination of both 


hvsical and ciiemical erosion. 

If d'.e coast is composed of sedimentarv rcxrk lavers of varving 
ecrees of resistance, still otlter features are produced. Where the 
;ra:a are fiat-binz the sea cliff is horizontallv fluted because the 
re resistant lavers bulae out bevond die softer lavers. If the strata 
re sceerh. tilted or vertical, the sea cliff becomes ver.- irregular, 
ecause V::e -Mt r-xk havers form indentations and the harder layers 
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lyorn n:«’r:e'. 

Differentia! e 
Ltixe!' aaar_ a 
11\ separate na 
aa’c be a j‘unt - 


1 .Mc.n also prcxluces islands, for the wa\es cut more 
m. ‘d Ascakness across a promontory and e\entu- 
fr-.ni tiie mainland. The zone of weakness 
vkuh plane .cracks in rocks described in Chapter 
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Shoreline changes in Rhode Island 
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1 cz-h a<; a dike of relatively soft 
H) or it may be less ^ bets.een harder strata. 

foints are planes of sreakness because of the 

iemtitling the penetration of surpng sea tvater and ^ 

extend an'the Kay across a promontory , facilitating erosion tihich 

inary sta^e in'Ais process may be the cutting of an nrcli or lu.i.ifl at 
die^evel of wave erosion. Eventually the roof collapses, and a r«k 
Zk is separated from the mainland (Fig. 9S1. The sea. surging 

throus[h the gap, gradually widens it. 

Neither tiiSil nor ocean current ordinarily have sufficient velocitv 

to cause submarine erosion. However, these currents may mot e sub 

ficiently fast to transport sediment in suspension to quiet tvater 



Fig. 92. Resistant igneous dike cutting less re¬ 
sistant sandstone, Southwest coast. Island of Arran. 
Courtesy Geological 5(mrv and Museut7i. London. 
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.'xre It 15 cv '-^ed, Thc^ also u-an 5 p..rt marine life of the floating 
:^^e. ^ 

A 

»if. Siill \ en nuich of a mv 5 terv to 
aie -UiN I'n-;ike de]H‘e<>i''n^* in ilie outer part of the conti- 
! cp.L.t; .'iie-t and in the 'iitinental slitpe. A few ha\c been kn*'i\\n 
: !nan\ \ears tin . ui^ii depth soundings aion^ coa>t lines; the de- 

^eiop-inent of tlie e^lio ntetliod <'f sounding ocean depths Itas in- 
:reased the nunii^er of knnv. n “canvons" to over a hundred. In tonn. 

these -^or^cs clo^eb simulate mountain canvons eroded above sea 
level. 

The siibra.arine kanNons'’ are inci-ed in the sediment and bed 
['' H'k ot lite e'*ntinental soeKes. with, iheia mouths openincr out onto 
Liie Oi.ean H-^'r near the i'lase of the euntincntal jjlaiiorms. Some 
:onnetL at liudr iipj-ter ends whh irenihes dir^ hv rivei>. l)iu others 
le.id in. tiu- sm.ootii floMi- of the continental slieif. 5 e^eral miles from 
[and. ^-'itii no apparent u'nnection witli the drainage off the adja- 
c-m land. 

The !ar:test submarine canvon knocen is a continuation, beneath 
;iie >c-a. of tlie xallev of the Con:^o Ri\er in Africa. On the other 
land, the Mi><i’'Ni]:)ji'i Ri\er does not ha\e a submarine canvon op- 
Dosite its present mouth, although a comparativeh small one exists 
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about forty mll« southwest of the present 

canyon extending seaward from the mouth <>( 

in places five miles from rim to nm and 3.600 feet de p. 

A river flowing down this canyon would be a fearful and wonder^ 
ful s^glu indeedSecause it would run down - slo^ 

150 feet to the mile, 12 times the average grad ent of th iiroc u 
Colorado River flowing in the Grand Canyon. I his is oi.K -me 
a dozen similar canyons found between Caj^ Hatteras and tin eau- 
em limit of Georges Bank, 200 miles east of Cape Cod. 

Coastal shelves are vers- narrow off some coasts, as fo 
portions of the Pacific Coast of the United Mates and Alaska. )ik 
of the mightiest canvons known is found in .Monterev Bay. ( alifo 
nia, and die head of this remarkable canyon is less than half a mik 
off the beach. This canyon of .Monterey Bay. if stripped of its blanket 
of ocean, would certainly rival the scenic grandeur of the gieaiest 

of our western canyons.- 

The myster>' of these “canyons" is their origin. To have been 
caiA-ed by rivers, the continental shelves must base been elevated 
12,000 feet above sea-level, or sea-lcvel depressed several iliotisand 
feet below its present position, views which most geologists are loath 
to accept. It is doubtful if ocean currents e\cr ha\e attained the 
velocity necessary to carve them. Some have suggested the (anvoiis 
may have been formed by water loaded with sediment which slnl 
down the slopes at the edges of the continental platforms dining tin 
last glacial period. None of tlie present explanations is acceptable to 

a majority of geologists. 

Depositional features. The ocean is the site of dc-jx-si 
tion of sediment which is both svon by the ocean itself through wave 
erosion and introduced by the rivers that drain the continental are.is 
and by other agents such as winds, glaciers, and grav itv fall. Most 
of die sediment is deposited near shore where the sea floor lies at 
shallow depths, but some deposition takes place in the miu h deeper 
basins. 

The sediment introduced into the ocean by the rivers meets ida¬ 
tively quiet water at the river s mouth and in manv rases forms a 
de/tfl, which grows seaward and on each side of the rivet where sj>a< < 
is available. Some rivers have extended the land m.inv miles s« .i 
ward through delta building. Part of the delta mav pioperh be < <>ii 

Paul A., Submarine Canyons; Radio talk. April i, 

Geological Society of America in Frontiers of Geol>>g\; I eii pa|KT> t-i . j i» 

pared for 6fteen-minute radio addresses by Felloes of the SotiCt\, V* 4" yy 
December, 1939. See pages 11-14. 
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idered a river deposit because the sediment is laid down above sea 

evel uhere the stream gradient is very slight. A great quantity of 

i\ ei sediment is carried out beyond that part of the delta that lies 

iboN e the surface of the ocean and is either deposited on top of the 

ubmanne extension of the delta or out on the edge of the delta 

vhere it slopes down to the ocean bottom. The very finest material 

s earned out beyond the delta proper where it either settles onto 

he sea floor or is picked up by laterally moving currents and carried 

)arallel to the coast line, perhaps for many miles, before it is de- 
)osited. 

Beaches are present along the shore line except where the water 
mmediately offshore is very deep. Rivers emptying into the ocean 
learby contribute some sediment to the beaches, but most is gener- 
ted by Avave erosion along the coast. The waves attack promontories 
vith greatest vigor, and the sediment broken from them is strewn 
or many miles along adjacent beaches by currents. 

Sediment on a beach tends to become segregated by size and 
veight. Most of the boulders and cobbles which cannot be moved 
)y the undertow are found along the upper or landward margin of 
he beach. Beyond and below the boulder fringe, if tliere is one, is 
and. \vhile belo^\' the level of most wave agitation, the finest sedi- 
nent (mud, silt, and clay) has opportunity to settle. 

Exceptional environments cause the formation of special types of 
)eaches. Along irregular coast lines, beaches of appreciable width are 
onfined to the heads of bays (Figs. 94 and 95). Some of the sediment 
n such l?ay-head beaches may have been brought there by a stream 
■mptying into the head of the bay, but usually most of it has been 
arried bv shore currents. AV^ave erosion of the headlands at the 

y 

noutli of a bay produces sediment wliich eventually comes to rest 
n the relau\clv quiet ^vater at the head of the bay. 

In the case of an advancing sea, the beach sediment is a veneer 
einjjorarily ( <)\ ering the shoreward section of a wave-cut beach. As 
oon as the sediment is ground fine enough, it is carried seaward 
nd dumped beyond the edge of the wave-cut beach, producing in 
ime a ivave-bnilt terrace. The sloping surface of the beach merges 


vith that of the terrace. 

Sj)ils are elongate bodies of sand or other sediment which extend 
rom sliore out into open tvater wliere the coast line makes an abrupt 
hange in direction. An example is to be found at the mouth of 
nany bays where shore currents have built spits from one point 




Fig. 94. Ravhead beathes httuc-en rock promontories. Lai^una Be.ic!i. C.;li 
fornia. By permission Spence An- Photos. 
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rMV.Mui the other pmnt mi- imm hotli point, headed toward 
- In >uiiic in>taiHe> .pit. (.<nupletel\ >hat. off the harbor, 

i.o.i':."-. xin^ A InK'h (<i .alt water. Such spits are called Inr, hfir^ 


1 -it ilcp^'MiiMU ot sand in spits is due to tiie sudden siowina down 
'I a Nliore current xchere the coa.t line turns abrtiptlv into a ba\. 
I he current sweeps straight on into the deep and relatively quiet 
^^\Uer at the mouth c*t the ba\. Another tvpe ot a spit, called a 
^cnihi.ir. evMU< tvoni a headland <nu toward a near-bv island until 
it connects the island with the mainland ¥vy- hh . In .ome instances 
har^ j)it>iec t tr<an each side ot a headland and coiner^e at the island. 
Fombi'li'N tiieir ori'ain to the .etiina; up ot shore cuiTents bv 
*blique V. axc'N vtrikina the sides ot a promomors at such an anale 
that the c lu’ ent. are deffec'ted toward the point. The sediment car¬ 
ried lo the^c currents is dropped in the (tpen water l)esond tlic end 
;'t tile pr-imonioiA iiceause tlieir ^elocit\ is snddenh lessened. 

/ .O' c.r hurrier bt'ac>'r^ are built parallel to the coast 
line, trom which the\ arc separated bv a la-aoc)!! c)t shallow water. 
Nh'rmalh there are slialluvv' openuva. into the lagoon at \ari(:jiis 
[.kuKcN alonu the bar. barrier beaches extend lor iuindreds ot miles 
along the Atlantic and Gult coasts. These bars are termed only 


line 




Fi ■ Cl", T.■‘t’'''. t\iiw i''i'’i'icl to ni^inl.md. 


' i 

Estero B-'iv and Moro Rock. 
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where the water ofiFshore is shallou- and where the beacii is floored 
with loose sand. The incoming weaves drag on the shallo^v bottom, 
agitate tlie sand, and gradually sweep it up into a low ridge parallel 
to the shore. After wave action has built the bar so that it stands 
above low tide level, the wind dries the sand and blotvs it into dunes 
so that eventually the barrier beach becomes an island e\en at high 
tide. Most barrier beaches are so low that they can be emssed bv 
high storm waves and so are not suitable sites for settlement. 

Beach placers. ^Vhere valuable minerals are present in 

stream beds near the shore, some of the grains are swept into the 
ocean, where shore currents pick them up and distribute them along 
adjacent beaches. Placer minerals brought to the sea bv streams 
draining the southern Appalachians of Georgia and the Carolinas 
are found along the northern coast of eastern Florida. Similar de¬ 
posits containing monazite, a thorium mineral used in the manufac¬ 
ture of incandescent gas mantles and as a source of atomic energs , 
are found on the coasts of Brazil and India. Gold occurs in the beach 
sands of southwestern Oregon and at Nome, Alaska. 

Atolls. An atoll is a ring-sliaped coral island enclosing 
a lagoon. Manv of the islands of the south Pacific are atolls. Tliree 

O j 

conditions are necessars' for atoll formation: a volcanic peak, 

originally rising from die ocean floor to a point above sea-le\cl. 
(2) reef-building corals and f."?) slow submergence of the volranit 
cone. The corals can exists onlv in shallow waters: thev ori^jinalU 
girdle the volcanic island with a fringing reef. .\s submergence pro 
ceeds, the corals build upward from their original site, producing .t 
barrier reef with a lagoon benveen it and the volcanic cone. C on 
tinued submergence will result in the disappearance of the colcanu 
p>eak beneath the waters of the lagoon. 

Deep oceanic deposits. Most of the sediment entering 
the ocean from die bordering lands is deposited in the sliallow 
waters on the continental shelves, and on the continental slopes. 
MTiere these shelves are narrow and the slopes are relatiselv steep, 
sediment from the continents will come to rest on the floors of die 
ocean basins. This is die case in several places around the border of 
the Pacific Ocean where much of the river-bome sediment and wa\e 
eroded material overflows the short deltas and narrow bcaclus and 
covers the adjacent ocean bottom. Some distance out from the cmi- 
dnents, however, very little land sediment is available for deposition. 
A relatively small amount of wind-borne dust, debris carried in ice- 
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ber'^s. and \ olcanic ash settles onto tlie surface of the sea and sinks 
to the bottom. Minute one-celled animals live on the deep sea bottom 
in places and make shells of calcium carbonate and of silica which 
accumulate into deposits of calcareous and siliceous ooze. 

Oceanographers not only have mapped tlie topography of the 
ocean floors, but have also collected thousands of sea-bottom samples. 
Dr. Louis Agassiz, in 1870, after detailed study of many such sam¬ 
ples, Avas able to announce tliat the ocean basins (and the conti¬ 
nental areas) have occupied the same general positions that they 
occupv todav since earliest times. This conclusion, of fundamental 
importance to earth historians, was made possible by comparing 
forms of animal and plant life dredged from the floors of the deep 
oceans Avith the fossils found in the rocks of tlie continental 

areas. 

Oceanographers have developed several ingenious devices for ob¬ 
taining cores of sea floor sediment. A piston core sampler, Avhich is 
loAvered to die sea bottom by a cable, has taken cores up to 70 feet 
in lengdi. The core presents an accurate cross section of die sub¬ 
marine sediment from Avhich many conclusions concerning the past 
historA of die earth can be draivn. 

A 

Through the ages the ocean has been receiving the material 
eroded from the continents, the chemical substances dissolved by 
the rains and the dust and volcanic ash borne by the wind. .\s th^ 
things changed in character or amount they left their record in the 
ocean s bottom. The sharp pebbles and coarse sand brought by the 
ice contrast markedly with the fine fiocculent burden of unhurried 
rivers. This record has been accumulating during many changes on 
the neighboring continents and during many changes m e 

Avacer above.^ 

Vertical fluctuations of sea level. One is apt to con- 
sider sea level ■ to be a rather sable plane belotv tvhich all land to 
tvhich the sea has access is submerged. Hotrever many parts of the 
continental areas are floored tciU. hundreds and even 
feet of sed.menars rocks conuining fossils of marme mga»^- 

fact, mi regtons of sedintenary rock have been utundated no. 

°"?he';‘rrnTi:‘a"’Sne tvhen the greater part of the connnena, 
plaTfonTs he above sea level, although margtnal seas overlap dte 

s.. • Ceu Sycpto o, the Oc.n B..,.. .aU Thd, 

ScUuunc Mo,ul>h. ^•ol. 46. 1938. p. 206. 
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continental shelves to various distances. In places, sucli as the (.uil 
and South Atlantic coasts of North America, the marginal seas aic 
wide. Vertical changes in sea level are no doubt taking plate Kxla. 
just as in the past. Changes of several hundred feet ha\e tK tin red 
quite recently in the earth’s history', some of them since man lia' 
lived on the globe. Such changes are usually slow and not readih 
noticed. If sea level were to rise to a position half wav up ilte side'' 
of the Empire State Building in New York City, Ixath Louis\ ilk* and 
Saint Louis would become seaports on the Gulf of Mexico. Mf^st ol 
the State of Mississippi and all of Louisiana and Florida would lit 
under the ocean. Much of Europe would be submerged. 

There, no doubt, have been times in tlie past when such vertical 
fluctuations were world wide so that the sea rose or fell on all con¬ 
tinents. For example. 


WTien the great continental glaciers formed over parts of North 
.America and Europe, the water thus piled up on the lands in the 
form of thick ice caps must have been evaporated from the (xeans 
to give the necessary' snow and ice. Hence sea level must have fallen, 
perhaps a few hundred feet, perhaps more. When the i<e taps 
melted and the water flowed back into the cxean. sea level nuot have 
risen. But unfortunately the weight of the ice piled up on the (*<n 
tinents probably caused those parts of the land to sink unevenK. 
Melting of the ice apparently allowed the land areas relieved oi this 
load to rise, but to rise unequallv.^ 

Most fluctuations are probably due to vertical movements of [>art> 

cf continents rather than to worldwide changes in cKcan level. I he 

vertical movements are caused by deep-seated movements of liu 

earths crust (diastrophism). The continents have lilted so that *>ne 

pan has become inundated while another part l;as risen out of 
the sea. 


There are many examples of prehistoric but nevertheless geohK^i 
cally recent changes of level about the continental Ixirdcrs. W Ik re 
emergence takes place the beaches are elevated, making terraces. The 
sediment on the raised beach contains shells of modern cjr pra< tii allv 
modem marine organisms. Because of the umonsedidated char ider 
of beach material, elevated beaches cannot exist for verv long fiu 
eventually tlie forces of erosion will destroy them. If tlie tx can u iv < > 
were atucking bed rock before the emergence, an elevated uavc < .n 
terrace will res ult. Marine terraces of tliis type terminate abrupilv 

4Johnson. Douglas, Shifting Ocean Levels; Radio address \fav I lOio vr r, > 
lished by Geological Society of .America. See fno.n.,. ^ .aV ‘ 
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at the shoreward end against the foot of a sea cliff. An elevated sea 
cliff may have any of the characteristics of one at the water’s edge, 
including caves and nearby stacks. Both wave-cut terraces and sea 
cliffs, being composed of consolidated rock, will withstand the forces 
of erosion longer than an elevated beach. However, they, too, will 
be destroyed in time. 

E\ ery ocean is bordered in places, in some instances for many 
miles, with elevated beaches or wave-cut terraces and sea cliffs. In a 
few localities a series of such elevated strand lines, one above the 
other, occurs. Each of these levels marks a former shore line, a time 
of temporary stability during a slow uprising of the coastal belt. The 
lowest terrace is, of course, the youngest; a subsequent elevation will 
add the present beach to the series of older strand lines. The coast 
at Nome, Alaska, is an outstanding example of a series of beaches. 
There three successive elevated beaches lie above the present one at 
elevations of 22, 38, and 78 feet. In addition, out beyond the present 
beach are two submarine beaches, one 20 feet and the other 34 feet 
below sea level. Obviously the Setvard Peninsula in the vicinity of 
Nome tvas recently elevated in a series of upward movements with 
a beach formed during each period of quiescence. After at least five 
such beaches had been built the direction of movement was reversed 
and two of the strand lines were submerged. The Nome beaches are 
of additional interest because they are gold bearing. Gold was dis¬ 
covered in the sands of the present beach in 1897, and during the 
the years that followed the remnants of the elevated beaches and the 
two submarine beaches were discovered and found to be gold-bear- 


inff also. 

As a creneral rule an elevated coast is smooth (no promontories or 
bays). The reason is that deposition in the ocean adjacent to shore 
has created a gently sloping beach and sea floor for some distance ou 

from the water’s edge. Naturally when such a Ime i* 

the new water-land contact will be a fairly straight line. An ex- 
■('non occurs, of course, where Che offshore depths prev.ous « 
emergence were great and consequently deposition had not p 

“'k ' :n:":fso :"horfoUowi„g elevaaon is shallow. 
X,ro:i'liont Iduclee to ~t.n_of 
such sand liars are however, because if the water 

owlTre 7as"d"eep" nWally U may 'still be deep enough following 
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an ele^^tion of small magnitude that the wases fail to drag l>r.ttr.m 
before reaching shore. 

Depression also has occurred in mam localities during the rcf enc 
past. Of course manv of the usual shore line features, such as \\a\t- 
cut and wave-built terraces and sea cliffs, inav betomc cicrpK 
submerged that thev are nc»t readilv observable. Other ea^iA 
nizable criteria of submergence exist however. The 
alon^ a shore are the mouths of river vallevs. and. when i 

O 

area is depressed, the sea water extends up the vallevs 
distances, making ba\s. Su<'h famous harbors as San Francis^** I>.(\ 
Puget Sound, New York Harl»r. and Liverpiol Harlx)r are fi’* * 
river s'allevs, San Francisco Bav f)wes its unusual shape to tlie i ti c 

4 

that two river vallevs. the Sacramento and the Santa C lara, used i 
join a short distance from the ocean, and t!^e combined rivers flowid 
out to sea through what is now the CWjlden Gate. The Calitonna 
coast has been depressed a sufficient deptli to drown the river vallevs 
for a considerable distance l>evond their junction. 

A drowned river mouth is known as an eunan,. Hills risinc; al>-ne 
the valle>' floor become islands if thev are not compleielv subnit i ^icd 
The rockv islands in San Francisco Bav were formerlv lulls, and ihe 


great bridge tliat runs from San Francisco to CAakland iiinneN 
through one of the islands en route. The islands in Nev> \‘«>ik Har 
bor owe their origin to the druwnin:? of tlie lower !fiidv>n Rivrc 
valley. 

A special type of bav. the fiord, is common alon^ the oasis - a 
Xonv'ay and Alaska. fiord is a fairlv strai'^jlo, salt-water iniet 
precipitous sides, \allevs merge with fiords at the landward end 
and in northern latitudes manv of the vallevs are excupied bv i^l.i 
ciers that mav come clear down to the sea. Fiords are wiiliinit d*>ul*f 
drowTied river valleys, but the shape *d the vallcv has Ixen m^xiihcd 
by glacial erosion. In most instances the vallcv was carved bv iic into 


a U-shape before submergence. Flowever. some drowned nvci \ai 
leys may have been converted into fiords through glacial movenient 
after submergence. Ice moving d«jwn a vallev fr<nn mountains nn 


mediately adjacent to the coast could prcsumablv push a ton^uli T 
able distance out into Uie water where it would mcxlifv the ^h ijx . t 
the valley w-alls, giving them the tvpical precipitous nicies of t ! 

Asa usual thing, depressed coastal areas exhibit a verv uicgu u 
shore line. Most continental borders are cut bv river vallevv the 


drowming of which produces a multitude of bavs. Likewise in 


T7H fSi 
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cases. suV^mergeme produces deep water offshore. .\n exception, of 
cmist (Xt urs where a low-hing coastal area is submerged. The best 
i. arbors are ordinarily found schere shore lines ha\e been submerged 
and the poorest harbors occur along emergent shore lines. The north 
Atlantic coast of North America was submerged and in consequence 
mam fine harbors are to be found in eastern Canada. Maine. Massa¬ 
chusetts and as far south as the drowned vallcv of the Chesapeake. 
The south Atlantic coast, on the other hand, has recently emerged, 
and good harbors there are few and far benveen. 


A drowned coast line affords an ideal en\ ironment for the forma¬ 
tion of bav-mouth spits and bav-head and tie beaches. The presence 
of tliese features is consequently evide'hce of recent submergence. 

PhysioQiaphic age of shore Hues. Shore lines can be 
designated bv physiographic age as can rivers, vallcvs. and conti¬ 
nental regions. The objective of ocean work is the complete destruct- 
tion of the land bv vvav e erosion and die deposition of the fragments 
and the sediment so gained on the sea floor. No continents have been 
destroved bv wave action, but their circumferences have been de¬ 


creased. Small islands have been completely destroyed, in a few 
instances during historic time. Onlv two terms, youth and maturity, 
are used to express relative age of coast lines. In physiographic no¬ 
menclature old age refers to the accomplishment of a task, and no 
shore line can have reached old age as long as diere is a shore to at¬ 


tack. The criteria of vouth for a submerged coast are quite different 
from diose applying to an elevated coast. Likewise the stages be¬ 
tween voudi and maturity differ markedly, but when full maturity 
has been reached die coast lines are verv similar in appearance. 

In early v outh die outstanding characteristic of a submerged coast 
is an irre-ularicv of shore line. The mouth of eyeT^- river has become 
a bav, and even the vers small ravines and the vallevs occupied bv 
temperate or intennutent streams make indentations ^e c^t 
line The divides between the drainage basins become headlan^- 
The de n-ee of unevenness of die coast line is dependent upon^e 
initial relief of the land and the amount of die submergence. The 
ubmer^ence of a region in the mature stage of running vvater er^ 
sL win result m a much more jagged coast line than if the region 

had reached old age before being submerged. 

t a .ubmer,ed' con,. proache, niarurirr- through Ure wort rf 

U,e ocean a «r « of changefrate, place. The 

a aa from .he ,ra.« aud are driven back. Diftereurra, er»,o„ on 
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the sides of a promontory may cause tlie separation of the point iiu<j 
an island. Such islands are subject to attack by the ocean waves tioin 
all sides and in consequence are relatively temporary leaiures. 1 he 
sediment obtained tlirough wave action on the headlands ina\ be 
dragged out into deeper water by the undertow and deposited tliere 
as a wave-built terrace, or it may be swept parallel to the shore b> 

currents and deposited elsewhere. 

The water in the bays, on the other hand, is comparatively quiet, 
and consequently deposition is more important there than erosion. 
Bay-mouth spits may form at the seaward end of the bays, tending 
to close off the estuaries. However, if a stream with an apprea iable 
volume of water enters the head of the bay, it will be impossible, 
because of the unceasing outward current of water, for the bar at the 
mouth completely to close off the bay. Some bays, however, ret eivc 
no more water than can be taken care of by evaporation, in which 
case the bar at the mouth may extend all the way across. Examples 
of this occur along the shore of Martha’s Mneyard, an island off the 
southeastern coast of New England. The island was cut by a number 
of valleys, which became bays when submergence took place. How 
ever, the drainage area of each valley above the present water level 
is so small, because of the small size of the island, that insuflu ient 
water enters the bay to prevent complete closing off by bay-nK.)uth 
spits. 

Concurrent changes take place inside the bays, d'hey tend to sih 
up through the introduction of stream-borne sediment, espec iallv a* 
the upper end of the bays. Bay-head beaches are also built of sc-di 
ment eroded from the points and carried to the head of the l)a> In 
shore currents. 

An intermediate stage in the attempt to obliterate a bay is tlie 

tying of islands out in the bay to the nearby shore by means of tom 

bolos. An outstanding example of this is Boston harlxjr, where sev 

eral islands have been connected to the sliore by sand spits, l lie 

mouth of this harbor is so wide and the water so rough tliai bav 

mouth spits have not yet had opportunity to form. The tie beadu-s 

inside the harbor give the impression that the ocean is first attempt 

mg to close off the inner harbor, after which it will move out and 
close off the outer harbor. 

These various processes continue until maturity is reached I he 
methods pursued are the same whether the rock along the ...ast is 
granite or glacial drift, but in the latter case much faster progress is 



204 



Geologic Processes 

made. The bay-mouth spits of Martha’s Vineyard owe the relative 
lapidits of their foimation to the fact tliat tire island is composed of 
unconsolidated glacial debris. 

A submerged coast has reached full maturity when tire exposed 
shore has been eroded to a smooth line and at the same time the 
bays ha\e either been filled up or closed off by spits, or both, so that 
they no longer make indentations, but coincide in position svith the 
rest of the coast line. At full maturity the water is sufficiently deep 
offshore so that the waves can attack the land directly. Erosion con¬ 
tinues fairlv evenlv with the theoretical goal the removal of all the 

• o 

rock material that lies above the wave base. 

An emergent coast follows an entirely different sequence in pro¬ 
ceeding from youth to maturity. If tlie water offshore was deep 
pres ions to the uplift, there ss ill be no lasting change in physio¬ 
graphic age. for the ocean will soon destroy the narrow beach and 
renew the attack on the old shore. Examples of tltis are found on 
the shores bordering the Pacific. However, if before emergence the 
continental platform extended on out beneath die waters of the 
(xean for a long distance, or if the ocean had constructed a wave<ut 
and ivave-built terrace of gieat breadth, and the emergence was not 
sufficient to expose the continental margin or the edge of the terrace, 
the water will be relatively shallow offshore and die coast line 
smooth following emergence. Under these somewhat special condi¬ 
tions a verv distinctive cycle of ocean shore physiography is followed. 
The first stage is the building of a barrier beach by methods which 
base alreadv been described. Examples are to be found along the 
.Atlantic coast from New Jersey to Florida and along the Gulf coast, 
espeiialh in Texas. Single barrier beaches in some instances extend 
tor seseral score miles, and a series of such beaches may be several 
hundred miles in length. One effect of the building of a barrier 
lieac h is to smooth off a shore line which may previously have been 


slij^luiv indented. 

As erosion of an emergent coast of this type proceeds from youth 
into niaturitv, the barrier beach is driven in toward shore. Building 
a 1) u rier beac h deepens the water offshore, making the beach open 
'to direct attack bs the waves. Waves and onshore winds slowly 
mor e the barrier toward the mainland. At the same time the lagoon 
hhi- between the barrier beach and the shore tends to silt up wath 
sediment. Sue h a coast reaches maturity when the barrier beach Im 
been drisen onto the mainland shore and the lagoon destroyed. 


I 


ft'. . ‘i. 
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This achiesement produces suffic.cn.lv deep .va.er oBsl.ore u, .ha. 
the waves can a..ack .he land direc.lv. and .I.ev hesin .heir task ol 
destroying all land aboNC ^vave base just as do the uascs on a de¬ 
pressed shoreline that has reached full maturity. 

The physiographic age of submerged and emerged shore lines af¬ 
fects the utilization of a coastal area bv man. for example, t ic 
dross-ned mouth of the Columbia River does not make as s ilu.able 
a harbor as do some of the other drowned valless of the P.u ili< 
Coast because of the relatively advanced age of the local shore l.ne 
physiography. .\ partialis submerged bas-mcruth bar ho Inen 
formed, svhich tends to blosk. the harfror and handuap nasikt-uiou. 
The Government has built jetties and dredged the channel in older 
to maintain a pass for large vessels. Drosvning of the British Colum¬ 
bian and -\Iaskan coasts has inundated a seric-s of vallevs parallel to 
the shore line and created hundreds of islands, smne of them, such 
as \'ancouveT Island, of considerable size. The socalled inside pas- 
’ from Puget Sound to southeastern .\laska (Kcupies these 
drossTied valleys between the islands and the mainland mj that boats 
making this voyage need pass through ver\ little open water. 

Although emergence of a region that is shallow offshore pro<lu(< s 
a scarcity of good harbors, the lagoons Iving Iretween the bairiet 
beaches and the mainland may make a samtuars for small craft. 
Light draft boats can follow an inside passage of this tvpe from 
New York to Florida with the help, here and there, of man-made 
canals. Similar travel is possible for manv miles along the Fexav 
coast. 

I.AKF.^ 


Distribution. The relativelv small depressions in 
which lakes are found are recent in age. The distribution of lake^ 
depends upion the presence of geological activities that have pro 
duced depressions. .Also necessary, of course, is the existemc ot 
sufficient rainfall so that the depression will contain water. In and 
regions the normal position of the svaier table mav f>e below iht 
bottom of existing depressions, in which case the depressions hold 
water only immediately follow ing a rain. Such lakes are temi>orar\ 
In regions where the water table fluctuates seaszmallv, hing .ibo\c 
the bottoms of the depressions during the wet seasons and sinking 
to lower levels during dry seasons, intermittent lakes (xi ur. 

Running water does not have a scooping effect, s<j closetl depres 
sions are impossible as the result of normal erosion bv this auem s 
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Ho^^ e\ er. a few lakes do result through the activity of running water 
C hapter 5> for example, oxbow lakes, which are due to the aban¬ 
donment of meanders. The greatest number of lakes occur in de¬ 
pressions formed through tlte activity of glaciers (Chapter 6), 
particularlv in the marginal deposits of the great ice sheets which 
at one time covered parts of North .\merica and Europe. Not only 
are these deposits so uneven on their surfaces that they contain 
tliousands of closed depressions, but also they dammed tlie preexist- 
ing drainage to such an extent tliat waters Acere impounded into 
lakes in manv places. Because of the effects of glaciation, most of the 
lakes of tlte world occur eitlicr in high latitudes, especially in the 
northern hemisphere, or at high altitudes. 

Local geologic conditions have created lakes in other parts of the 
world. \’olcanoes (Chapter 10; and movements of tlie earth’s crust 
(Chapter 11; produce depressions Avhich are to be discussed in fol- 
leaving chapters. Lakes occurring in wind-scooped depressions (Chap¬ 
ter 3 j. and in depressions created by sinks and land sliding (Chapter 
7;. have alreadv been mentioned. Shore-line lakes tvere described 


earlier in tliis chapter. 

Depths, Contrars' to local traditions, Avhich have it 
that many lakes are “bottomless,” most lakes are comparatively shal¬ 
low, A few lakes, such as Lake Chelan in the Cascade Mountains of 
Washington, which occupies an elongate basin formed by the deep 
scooping of a mountain valley glacier, exceed a thousand feet in 
depth. HoAvever, tliere are no lakes comparable in depth to the 

rxreans. 

Composition, The Avater of most lakes contains Aery 
little mineral matter. Outstanding exceptions are salt lakes, Avhich 
are discussed in the folloAving paragraph. Fresh-A%ater shellfish are 
relativelv uncommon in lakes, but other forms of life may be abun¬ 
dant. Some lakes, especially shallow ones in humid regions, support 

a luxuriant growth of plant life. 

Salt lakes. Salt lakes occur both along the coast, 

AN here arms of the sea have become separated from the ocean, and m 
interior regions. 

ocean has been trapped. In many cases, however, shore-lme lake 
tend to become brackish or even freli because they dram mto the 
,ea and at the same time receive freh water from entering streaim. 
On the other liand. if there are no entering streams of any magnitu^ 
and additional increments of sea water are occasionally receded 
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the shoic lint 


throutrh exceptionally high tides and stomi ua\es 
bl^:a.er .eL ,o incrcc in saline .on.en. tneause esa|.., n„.n 
is constanclv removing pnre naier. and s-ill in sea waier n la m. 

added at irregular intcn als. 

Some salt lakes, such as Great Salt Lake in Utah, owe then vili 
content to a combination of circumstances. The water in siu h Likes 
may have been fresh originalK but has gradualU f>e.-me viltu i and 
saltier because inflowing streams, even though fresh to tne ia>te 
constantly bring in mineral matter, especiallv stilt, in vilmion and 
because, at the same time, water in the lake is disapjrearing iliioii 4 !i 
evaporation. Lakes of this sort are imjxissiblc where the watei lan 
drain out either bv was of surface outlets or tlnough seepage. An 
otJier ver>' important control in tJie fonnation of salt lake's ot this 
type is climate. Evaporation must l>e suHi* ient to take tare ot all 
the entering water, otlienvise the depression will fill up and over 
flow. Great Salt Lake used to be a fresh water lake draining down 
Snake River to the north, but because of a ilimatic change it dwin¬ 
dled so that eventuallv the lake surface sank below the level of the 

* 

outlet and subsequently the water became stroni^lv saline. 

PrehistOTic lakes. Although most of the watCT-l>^irnr 
sediment def)Osiied on the continents in the geolf>gic past uas dt 
posited in marine waters (epi<ontinental seas,, the <finiaim d 
testih^ that large lakes also existed at various times. Fiirtlu rmore. tlu 
presence of abandoned, but obvious, shore lines, now high and fir, 
are evidence of lakes in relativelv retent geoUtgii time, see Tigs ‘C 
and 98. Many of these isolated seas have been m.ip{K-d l>v geo!«n;istv 
and given names. Examples are: Lake Algonquin, a predet esvn ol 
the present Great Lakes: Lake .Agassiz, an enormous lake < t»vt iing 
parts of what are now Minnesota, the Dakotas, and Manitob.i l-ikt' 
Bonneville, the large fresh water ancestor of Great Salt Lake: and 
Lake Lahontan, most of which was in .Nevada. 


GEOLOGIC PROCESSES AyD RESULTS 

With the exception of tides and tidal currents, the same processes 
at work in the oceans operate in lakes. Naturallv the resuhs \.irv 
greatly, depending upon the size of the lake and upon l«Kat r.ndi 
tions. The shores of Lake Superior, die largest of the C.re.u 1 .ik( v 
are under almost ceaseless atuck by the waves. Therefore, main oi 
the features of ocean shores, such as wave-cut cliffs. Ireathes, and 
rock stacks are to be found around the edges of this lake. 
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Streams entering lakes may build deltas, ju>t a.N (!' >' 

in. .he oceM. M-iteri-ils l.,„..,h. ,n bv rivers or „b,.,i„e,i bv . .. 

along .he shore, ...av Ik; .rans,K,r.ed bv shore ..... . .... .".”1 'I' l. 

ited on die lake floor, . , » 

The temporary nature of lakes was mentioned in tlu- .mr-Mim uns 

paragraphs of this chapter. Most lakes are ece.uuallc ,h.nM...d 

either bv being co.npIeteK filled with sediment some Loin. , o ^e 

reservoir lakes have silted up " in a few sears, .n bs dnunu nd • ut 
tin<^ of the outlet stream. Howeser. some lakes are diNti..'..d 1.'. 


’- r , 

complete filling b\ vegetation. These are known as penr/o'ca 


I : 

i < K 


SHOHE EHi>>lO\ rO\TR(PL 

Stonn ivaves lia\e caused damage oi enonnnus nia-uiiude r. 
shore propertv. Some degree <>1 >uice>s lia> f)een Ml)talne<l in i ••mhat 

ting 



Fig. 98. Breccia stack formed l)v \%a\e action of 
ancestral Great 1-iLe. Present shoreline is at imuh 
lower elevation. St. Amiions s R(hI. St. I’MUtt 
Michigan. Couritrn Muhtjan 


these natural forces, by constructing sea walls, tjieakwaieis i)t 
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groins. Sea ufalls are mamiy erected «m 
the waves spend their fury. They are omiBCracfeed oi 
Crete or of great stone slabs. Their purpose is. of 
the land and structures on shore from t wMwg vreslied ohb^ 
surging waves. They have lo he very strong and pcmdeius^^ 
if they are to wit h sta n d indefinitely the poundii^ of winlBij^ 


4 . 


rs’ 


Breakwaters an aptly named. They are km^ low 
built offdrare for the purpose of “breaking” die wares ao^al. 
of their energy is dissipated beSme leachii^ die shore, 
similar walls, but they are buSt at right a^cs to Ae 
extending from the shore some distaiitee out imo the waaes^ 
cause waves approaching shore at an ai^e 
and also pret'ent attack by lor^ diore cu n ents . At die aaoon^ 
sediment is retained between the gr oin s, diereAvy 
depth offdiore and caosiiig earlier breaking of the waresL- 
breakwaters and groins, as wdl as sea walls, are vuinemiile ii 
to wave 




CHAPTER 9 


Sedimentary Rocks 


Sedimentary rocks are composed either 
of materials derived from older rocks or of accumulated organic 
matter. The original sediment in some instances was windbome or 
glacially transported material, dropped on the surface of the land. 
By far the greatest volume of sedimentary rock, however, was depos 
ited in bodies of water, in most cases on the sea floor. The material 
thus deposited may be clastic, consisting of particles of pre-existino 
rock which were transported through the physical force of moving 
water, wind, or ice, or it may have been precipitated from ^vater ir 
which it was dissolved, or it may be of organic origin, consisting 
either of carbonaceous matter or of chemical compounds remoN ed 
from the surrounding water by aquatic organisms. Sediment become: 
consolidated sedimenury rock through processes of lithificatioh 
which will be described subsequently. 

The most abundant rock at the earth’s surface is sedimentary. Il 
has been estimated that about 75 per cent of the area covered b) 
the continents is floored with sedimentary rock, tlte balance with 
igneous and metamorphic rocks. In the United States, by far th< 
greater part of the thousands of square miles drained by the Missis 
-sippi River and its tributaries is covered with sedimentary' rock 
Similar rocks also occur, interspersed with igneous and metamor 
phic rocks, along the Atlantic coast and west of tlie Continenta 
Divide. However, the sedimentary rocks occur in what is actually 
a relatively thin skin or veneer on the earth’s surface: they are ever> 
where underlain by a many times thicker shell of igneous and meia 
morphic rock. The thickness of the sedimentary rock veneer ^ arie. 
widely. Over about 25 per cent of the land surface it is not presen 
at all; elsewhere the thickness ranges from a few hundred to a fev 
thousand feet, although in a few places it has been estimated tha 
the sedimentary rock section is as much as 30,000 feet thick. 
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Sedimentary rocks are important to the student of earth history, 
for they supply the chronology of the geologic past, which extends 
hack many millions of years. Younger sediments are, of course, de¬ 
posited later and therefore overlie older sediments. A thick vertical 
section of sedimentary rock represents a long period of time, and 
geologists find records of past events in the different layers. By corre¬ 
lating sections of sedimentary rock found all over the globe, the 
history of the earth (extending back as far as the time of deposition 
of the earliest recognizable sediments) has been unravelled. The 
study has been aided greatly by the presence in many sedimentary 
rocks of fossils, which are the remains or other evidences of past 
plant and animal life. Great changes took place in the organic 
world benveen the time of deposition of the oldest sediments and 
the present: the geologist uses these changes in correlating and dat¬ 
ing the rock formations, the biologist in tracing the evolutionary 
history of plant and animal life. In addition, fossils furnish data on 
past climates and on the environment of deposition of sediments. 
It can be determined whether a sedimentary rock was deposited in 
fresh or in salt water by the character of the contained fossils. 

Some types of sedimentary rock are essential to modern civiliza¬ 
tion. Not only are sandstones and limestones quarried and used in 
large volumes for building; they are also reservoir rocks in the 
earth’s crust for great supplies of oil and gas. In fact, these sub¬ 
stances occur in commercial amounts only in sedimentary rock. 
Some large areas are dependent upon beds of sandstone for ground- 
water supply. Coal, the leading source of heat and power, is a sedi¬ 
mentary rock. So are salt, g^^psum, potash, and rock phosphate. Our 
lime and cement are made by heating limestone and other sedimen¬ 
tary rocks. Bricks, tile, china^vare, and pottery come from sedimen¬ 
tary beds of clay. 

STEPS IN THE FORMATION OF SEDIMENTARY ROCKS 

Source, The original source of all sediment is igne¬ 
ous rock. However, the immediate source is not necessarily igneous 
rock; it niav I)e older sedimentary rock, or metamorphic rock (which 
before metamorphosis was either igneous or sedimentary in origin). 
Tlie processes of neathering (CItapter .1) break down the source 
ro< k from a coherent mass into small loose fragments which become 
clastic sediment. The same processes also produce soluble com- 
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,av be pre¬ 


pounds which travel in solution and which eventually i 

cioitatcd as chemical sediment. i_ j 

The principal source of sediment is the land surface m ^e drain¬ 
age basins of river systems. Over most of the area of such basins the 
Twk has disintegrated and decomposed into soil, so that the strums 
arc able to pick up all of the sediment which they can carrv. This 
loose material is also available for transportation by wind and by 
glaciers. \\Tiere bed rock is exposed, sediment is available for trans 
portation only as fast as weathering processes free the mineral grains 
at the surface of the rock. relatively insignificant volume of ma- 

terial is worn from the rock by abrasion. 

Another source of sediment is the shore land against which \\a\es 

and currents operate. Chemical sediment is available through de¬ 
composition processes both at the surface, where it ma^ be picked 
up by rainwash and streams, and in buried rocks from 'which it is 

leached by ground water. 

Transportation. Next, the material that is to become 
sedimentary’ rock must be transported from f>oint of origin to point 
of deposition. The disunce traveled varies greatly. Some sediment 
has been moved but a few feet before becoming rock, other sedi¬ 
ment has traveled thousands of miles from the deep interiors of con¬ 
tinents to disunt ocean basins. 

The agents and processes of transpK)riation have been described 
in Chapters 3 through 8. The transporting acti\ ity of ground water 
is confined to compounds in solution. This dissolved material is 
carried with the water in its underground flow and eventuallv mav 
join the surface runoff and be carried to the sea. The greatest trans¬ 
porting medium is running water, including everything from the 
raindrop which runs down the slope on which it falls to the might¬ 
iest river. 


Deposition. The next stage in the formation of sedi¬ 
mentary rock is the deposition of tlie sediment. Both the process 
and the en\*ironment of deposition are different for the three classes 
of sediment: clastic ibroken), chemical, and oreanic. 

Clastic sediments varv greatlv in size. The coarsest elastics, called 
boulders and cobbles, are fragments of older rocks, such as granite. 
They are transported bv being rolled on the beds of powerful rivers, 
and this rolling rounds off the comers so that eventuallv a sphe 
roidal shape is produced. Gravel consists of rock fragments a\ eraging 
about one-fourth inch in diameter. Bv the time a rock has been 
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or. keii dou n into grains of snnd. the readih altered mineral comti- 

Liicnt. rave decomposed and disappeared so that onlv the inert 

rr. tru reniains in am great abundance. Finer than sand is silt, and 

rirest ot aii is cla\. The feldspar, which disappears s%hile boulders 

ire being reduced to sand grains, reappears (after undergoing 
chemica! alteration as c!av. ° ^ 

Sedimentar\- rocks formed by deposition on drv land or in fresh 

aters are knoA\Ti as contincmal in contrast to marine (oceanici 
deposits. Onlv a relamely small amount of sediment is deposited 
dr\ land. Wind. ice. and volcanic explosions mav mantle the land 
surface \\ iih sediments. A glacier carries with it manv tons of rock 
debris ^vhicii is left behind when the ke melts, \ olcanic ash blos\Ti 
out bv migh.tv explosions mav blanket a large area to the leeward 
' •f ii':e \olcano to a depth of several feet. 

Unconsolidated continental deposits, whether made bv wind, ice 
V oicanic explosions, or running water, form transported mantle. 
Like residual mantle iChapter 3.. transported mantle covers ami 
obscures die bed rock. 

The clastic material that is deposited in river vallexs is sediment 
on its wav to the sea. but it has not vet reached that ultimate roal. 
The character of the sediment in the scream beds dej>ends both upon 
the character ot the rock into which die stream and its tributaries 
are entrenched and upon the velocin' of the water in the stream. 
The bed of a mountain torrent mav be covered with huge boulders, 
while silt is the principal deposit in the flood plain of a sluggish 
prairie stream. In most areas the vallc\ fill contains se\eTal different 
sizes of material, testihing to different stream velocities in the past. 

Other depositories for clastic sediment are lakes and oceans. 
Streams entering a lake lose velocity almost immediately and drop 
tiicir sediment. The fl»X)r of die lake becomes covered with material 
which eveniuallv accumulate in sufficient thickness to form 

r>eWs of sedimentary rock. If a lake is not drained through dm^meut- 
tin-^ ot the "Utict stream, it mav be destroved by becoming filled 


witii scdi’iicnr. 

The ^rreac dcfMJsitor^ for clastic sediment is the ocean. All of oiu 
jreat river stems emptv into the ocean, and the volume of sedi 
menc wi.ich ihev carrs is stupendous. .\s the river w-aters enter and 
ininTle ^vith the ocean tvaters. the velocitv is checked, the material 
. romes to rest, and the suspended particles begin 
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, settle down onto the sea floor. The deposit which is formed at the 

er>' mouth of a river is called a delta (Chapter 8). 

By no means all of the clastic material brought into the ‘ 

,e rivers finds a final resting place in deltaic deposits. Cun nts 

.oving parallel to the shore pick up some of this sediment 
for Zny miles along the shore line, where it mingles with the 

astic sediment produced by the waves pounding on the rock at 
le water’s edge. The finest suspended material brought to t ic 
cean bv the rivers (such as clay) travels farther seaward bctoie 
ropping onto the ocean floor. However, ven- little clastic material 
ets beyond the continental shelves into the ocean basins. Lxeep- 
ons occur where the ocean basin lies immediately offshore, as ahmg 


le Pacific coast of South America. 

During the geologic past the oceans overflotved the continents to 
ir beyond the present shorelines, manv times. The sediment washed 
ff the remaining land areas came to rest on the floors of these much 
alarged continental shelves. Here is the reason why three-fourths 
f the present land surface is ent ered with sedimentart rock. The 
rea not covered with sedimentary rock today was no doubt also sub- 
lerged during various past geologic periods, but the sediments de- 
osited have subsequently been removed by processes of erosion or 
ave been buried beneath younger rocks of igneous origin. 

Most of the dissolved material which is carried to the ocean re- 
lains in solution. Many different compounds, including calcium 
irbonate (which in solid form is the mineral caltitei. sodium 
aloride (salt), calcium sulphate (anhvdrite or gtpsum), iron (<.m- 
ounds, and even silica, occur in ocean water. In addition there are 
lany rare salts, including the economically important potassium 
ampounds. Precipitation of these compounds takes place wherever 
btxiy of water containing them in solution e\ aporates. Our greatest 
eposits of salt and allied minerals has e been formed by the e\ apo- 
ition of land-locked bodies of ocean svater. For the formation of 
eposits of salt several hundred feet thick, similar to those occurring 
1 parts of the United States, a bar or similar low barrier must lie 
etsveen the evaporating sea and the open ocean. Occasional exto- 
vely high tides sweep over the barrier and bring in a fresh suppK 
f salt-containing water, of which the svater alone evaporates. 
Gypsum or anhydrite are practically universal associates of salt, 
ecause calcium sulphate is an abundant constituent of cxean brines. 
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Stasshin region of Germany and the Tcxas-Xer%- Mexico bound- 
listnct not only contain deposits of salt, gspsum, and anhydrite 
also a number of rare and very valuable potash salts. Because 
aotassium compounds are very soluble, they will be precipiuted 
after the brine has been almost completely evaporated, 
he evaporation of lake and sea w aters may also cause the precipi- 
n of calcium carbonate, making limestone deposits, and iron 
e. forming beds of sedimentary iron ore. 

relamely insignificant amount of sedimentary rock is formed 
and through precipitation of compounds dissolved in surface- 
ring ground rs aters. Some hot spring waters contain large quan- 
> of calcium carbonate and silica which are precipitated through 
rooling and evaporation which takes place at the surface, 
le tliird and last group of sediments includes those that are of 
nic origin. Both animals and plants may form sediments. In 
; cases the entire organism becomes rock material, in others 
the shell which enclosed the animal or plant is preserv'ed. Al- 
all animals build either an internal bonv skeleton or a hard 

S 

nal shell. The shellfish remove calcium carbonate or, more 
y, calcium phosphate from the surrounding sea water and con- 
t a shell which functions as a dwelling in which the animal 
. Some animals, such as the corals, are colonial^ and live in 
groups. Instead of constructing isolated shell homes, these 
tals build enormous apartment houses in which many thou- 
5 of indit’iduals live. ^Vhen a colonial animal dies, the scaven- 


of the sea dev our the soft body part, but the shell remains in- 
Subsequent generations build their apartments on top of the 
doned homes of their predecessors, so that eventually a ree/ 
form. This is one wav in which limestones are made. The non- 
lial marine shellfish, such as the clams and snails, live in sudi 
dance in some places that, as time goes on, their abandoned 
5 accumulate in deposits of sufficient size to form another type of 
itone. There are still other marine shell-building animals which 
licroscopic in size, but whose shells may net ertheless accumulate 
ick deposits which later become consolidated into chalky lime- 
. Most of our shell limestones are of marine origin, althoi^ 
-water organisms that secrete calcium carbonate are not un- 
Ti. The marine shellfish live in relatively shallow water. Even 
oral reefs which form islands in the Atlantic and Pacific oceans 
lunded bv deep ocean basins gretv in shallow water. The reels 
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cap the tops of volcanic peaks that do not quite reach the ^\atcr s 
surface. 

The bones and teeth of fish contain large amounts of phosphorus, 
and. in addition, a few shellfish (which were more abundant in the 
geologic past than at present) build tlieir shells of phospliatic ma¬ 
terial. The accumulation of these phospliatic compounds is one step 

in the formation of phosphate rock. 

Plant remains mav accumulate into sufficiently thick deposits 
form beds of coal. This accumulation takes place either in fresh 
water lakes or in coastal swamps in which tlie infiltration of sea 
water is insufficient to make tlie swamp water more than slightlv 
saline. The clay and silt that are washed into the lake or swamp in 
which the coal-making materials are accumulating fonn ash when 
the coal is burned. If enough clav or silt is washed in. carfxinaceous 

O - 

shale instead of coal is produced. 

One of the lowest t\pes of plants, the diatom, removes silica from 
the water in which it grows, to form a shell or test. Although these 
tests are microscopic in size, they mav accumulate into depisits of 
diatomaceous earth manv feet thick. Some varieties of diatoms li\e 

4 

in fresh water; others live in die ocean, 

Lithifaction. The final stage in the formation of 
sedimentaiy^ rock is lithifaction. By this process loose, incolierent 
sediment is consolidated into solid rock. Lithifaction mav be pro¬ 
duced by compaction^ cementation, cr^istallizcition, or bv a combina- 

^ 4 

tion of these processes. 

The sediment which is deposited on the sea floor becomes ccn ered 
mth newer (younger^ sediment, so that it mav eventually be buried 
to a depth of hundreds of feet. The weight of the o\ erU in^ material 
causes the sediment to compact, and a large amount of the w.uer 
which was present between the particles is squeezed out. The indi 
vidual grains are pressed togetiier to such an extent that interlocking 
takes place, and tlie material ceases to be incoherent. Compaction 
can be illustrated by squeezing a mass of wet soil in the hand. 

Cementation is a very effective metliod of rock consolidation. 
Compounds in solution in die water between the sedimentaix giairo 
precipitate and act as a cement, binding the grains together'^ The 
commons cements are calcium carbonate (calcitei and ludious 
iTOT oxide (hmonite). A ver^ strong but less common cement in- 
medium is silica (quartz). A rock which is tightly cemented with 
silica has a toughness equal to Uiat of fresh igneous rock. I imonite 
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aU ue cemented nxks are more readilv broken up. but they 
ia\e greater coliereiice than untemented rock. 

•cipitated sediment is consolidated bv crystallization. The com- 

ds which come out of solution in a bodv of water and slowly 

to the bottom are in a finely dnided state. Subsecjuently these 

lals crystallize into an imerltxking aggregate. The result is a 
. compact rock. 


FEATURES OF SEDIMEyTARY ROCKS 

Sluitihtation. Because of the way in which sedimen- 
ocks are formed, thev exhibit a number of features that distin- 
them horn igneous and metamor-phic rcxks. In the first place, 
t all sedimentary rocks are stratified (cxcur in layersj (Fig. 
rhis layering is caused by the sorting effect of the medium in 



Fig, 99. Disturbed rock strata. Calico Bluff, \ukon 
River. Alaska. J. B. Mcrtie. Jr. Courtesy Geo- 
/oC’Cfi/ L . S. Dcp<irt77iejit ot the Interior. 


the sediment was deposited and by differences in type of 
ent. At one time and at one place the current conditions are 
rm. so that sediments of a certain size (or yveighti only yvill 
posited. The coarser (heayiei i material is not carried so far. 
lie finer material ycill be caiTied by. Later, y\hen a change in 
yelocity occurs at this point, a thin layer of coarser or finer 
lal will be deposited above the earlier material. Such veloc- 
langes are taking place constantly, so bands of material of 
ent size overlie each other. Furthermore, the streams entering 
adv of water in yshich deposition is taking place may bring in 
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of tht' Int'^rior. 


ifferent tvpes ot material at different times. Durin- some scav.ns 

f the year finely di\ided plant material mi.xed \rith silt teill he 

rought in by the streams and deposited as a dark !a%er on the H.-r 

orrential rains may cause a tempuran influx of coarse, li du-o - 

red mineral grains which will ocerlie the darker sedimenL ri.io 
^lor banding is produced. 

^\ind. running water, and ocean currents all ha\c abi!it\ t 
:diment so that stratification will result. .Mociiv^ i. e al uiem ■ 
cceptional in that it does not sort the sedimentwliich'u . o-ov 
1 conset|uence. glacial drift is tinstratified. Howes er. muH- > 

acial material has been reworked In streams pasM.io thorn,h t . 
ift slieets. and this secondary ai ticlrv line 
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raiincauon is evident in sedimentary rocks in varying 

very thin laminae (layers), oidy a 
ion of an inch in thickness, are visible. These in turn group 

ther to form a bed, such as a bed of sandstone. A formation u 

ST a single thick bed of one kind of rock or a series of beds of 

rent kinds of rock, the outcrop of which can be mapped by the 
ogist. 

ock stratiBcation is a great aid to the geologist in his inteipre- 
►n of earth history. He knows that the deeper layers are older 
I the higher layers, because they must have been deposited first, 
logic history of the earth and the evolutionary development 
ur plant and animal life have been traced by following this fun- 
ental law of stratigraphy: Overlying strata are younger in age 
underlying strata. An exception occurs where rocks have been 
turned. Geologists have determined the relative ^e of the 
s in all accessible parts of the world. 

Cross-bedding. A feature shown by some sedimen- 
rocks is cross-bedding (Fig. 100). The individual beds or laminae 
ot actually cross, as the term implies, but may appear to umii ex- 
led closely. Cross-bedding is a common phenomenon in wmd- 
I’n deposits. The sand is deposited on the leeward side of the 
s in layers which dip in the direction of wind movement. A 
It shift in the direction of the wind will change the directmoi ef 

beecuae 


II 


of the sand layers. In that way alternate layers of s: 
ss-bedded.” The same thing takes place in river channels wbere 
iges in the direction of current flow cause adjacent laminae to 
in different directions. 


s (Fig. 101) illustrate cross-bedding on a ^asd. 
dropped at three different places on the delta: 0) 
top, (2) on the seaward or lakeward slope at the 
main Hplra. and ^3^ on the sea or lake floor our 


t 


sediment deposited in the first asad 
izontal, while that deposited on the 
elta will be inclined. In consequaace 
;urbed delta will show early flaidying 



rs at the bottom (bottomset beds) which were deposited 
nain delta had moved to that point; inclined layers above {fare- 
)eds). which were deposited on the outward edge of the maaxk 
. i, jxjsition: and flat-lvinz s^ments oe 
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top itopset beds) which were deposited alter the -nose- ot the della 
had moved on. 

Other features of sedimentary rocks. Sedinu-ntaiv 

rocks may have ripple marks (Figs. 102 and 103) and mud cracks 
The former are distinctive corrugations made by local was e-i reated 
currents working on the surface of unconsolidated sediment cos ered 
by shallow water. Where ripple marks are presers ed then oc i ur on 
the tops of rock strata. Mud cracks occur where sediment is exposed 
to the air sufficiently long to dry out and contract into many-sided 
blocks. Later, sediment of a dilferent type may be deposited in tlie 
cracks and across the top so tiiat the nuid-crack stiiictuic is pic- 
served and becomes visible when the rocks are reexposed by eiosioii. 

Rounded, tightly cemented nodules oE mineral matter occurring 
in sedimentary rocks are known as concretio}i.s. Tlujse formed by 
ground water precipitation -were described in Cliapter 4. It is also 
believed that concretions can be formed on the sea floor at the time 
that the surrounding sediment is being deposited. Such contenipo- 



Fig. 101. Topset, foreset, and bottoniset beds which were deposited in delta 
in temporary lake bordering continental ice sheet. Univer^ilv t)f Midomn 
campus, Ann Arbor. By R. C. Hxissey, 



■ ^ ...u, oxer Xv.de distance, and may oe u.ed for 

.sc. ol Hlen.irua.inn .uid correlation of the containing forma- 
In v.nu instances the concretions are wideh spaced: in cHhm 
.u- so close together that thes merge to torn, a contin,H.u» bed 
sl.apes mav t>e spherical, elliptical, discoidal. „r irregular. Sire, 
lom less than one inch acrcjss to sexeral feet. Silica, in the form 
•ilcedonv (Cher, or fl,n„ U a verr common <on, renon-makin. 
ound. Calcium carbonate (calcite). iron sulphide (psTile a 
isite). and other substances also occur in concretions, 
cers valuable criterion of the identity and age of sedimenurv 
IS the presence of fossils, xvhich gise exidence of the former 
■nee of plants or animals. In some instances actual remains of 
rganisms are found, such as an animal's tcxrth, the shell of a 
or the test of a diatom. In other instances tlte organism has been 
led, xx hich means that the organic material has been completely 
red by mineral matter, xvithout necessarily destroying its orig- 
hape and markings. Petrified wood is formed through the par- 
jy-panicle replacement of woodx material by silica. Some fo.- 
e merely molds or casts of organisms, .\foids ate formed where 
or other sediment has completely enfolded an organism (or has 



102. Current ripple marks left by ebbing tide in unconsolidated scdi- 
Windsor. Nova Scotia. Courirsy Canadian Defiartm^nt of Mines and 


rces. 
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filled an interior cavitv, after which the organism has been 
awas-. A cast is formed bv sediment filling in an exterior mold. bt 
non-organic material in molds and casts mav pieserse remarkablv 
well the shape of the original organism. Preserved lootprints. trac ks, 
trails, and burrows are likewise considered to be tossils. 

The color of sedimentan rocks is a blend of the col ,rs present 
in the mineral grains and in the material hing between the -r dns. 
The most resistant of the common minerals composin- the ci iiM ot 
the earth is quartz, so this mineral is common in sedimcntarc i-.< ks. 
Clav minerals are also abundant. Calcite is the essential in,ne<iien' 
of limestone. All of these minerals tend to be light in to!.,r. s,. sedi- 
mentars- rocks composed entiielv of these minerals are u liice or gr.n. 



Fig. 103. Ripple marks being made h\ flowing 
stream water. Courtesy Canudian Urpa^irnent of 
Mines and Resources, 


However, carbonaceous matter is black, and where such material 
was deposited with the other sediment the resulting nn k is darkei 
in shade. Sandstones, shales, and limestones mas sarv in color troin 
tvhite through various shades of gras to black, depending upon chi 
amount of carbonaceous matter present. Red tints ire .liso founc! 
in sedimentars rocks. In most cases these colors .ire due to the pit s 
ence of iron minerals which were either dejx.sited with the otin 
sediment or were subsequently introdiued bv ground waters 
precipitated tlrem as cement between the grains. Hem ititi o .n 
oxide) produces red colors, and linionite ihsdrous iron oxide \.J 


1 








xnese are powerful coloring agents and a rela 
small quantity is sufficient to color a large amount of rock, 
out luestern L nited States contains many cubic miles of “red 

sedimentary rocks which contribute much 
beauts of Uiat region. Several national parks and monumenu. 

Bn ce and Zion, are places in rshich erosion has exposed a 
series of red be^. Where the hematite is less abundan^is- 
ated through inherently white rock, the resulting shade is pink 
minerals scattered through rock may alter to limonite upon 
ure to tlie atmosphere; many light colored rocks, especially 
ones and sandstones, are yellow or buff at the outcrop for this 

VARIETIES OF SEDIMEyTARY ROCK 

Classification. Sedimentan rocks are classified accord- 
tlie nature of the original sediment. The largest group is the 
, Avhich includes all rock composed of fragmenul material, 
lastic rocks are subdivided on a basis of size or texture of the 
ment grains; furdier division is made in the case of coarse 
s on die degree of rounding shoim by the individual frag- 

Subvarieties, not considered in this book, are based on the 
al content of the clastic grains. 

■ second group of sedimentary rocks includes the chemical 
ts, which consist of compounds precipitated from aqueous 
ins. The evaporation of mineralized water, such as found in 
rings, salt lakes, and bodies of sea water separated from the 
through one cause or another results in the formation of sedi- 
ry rocks of this type. The name of the rock is dependent upon 
emical composition. 


CLASSIFIC.iTIOS OF SEDIMESTARY ROCKS 

I. Clastic Deposits 
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.Angular elastics 

Breccia 

1 

ed 

Till 

i 

Tillite 
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Or^ic deposits constitute the last group. In some cases the rocks 
[n this group consist of accumulated organic matter (which mac . 
however have passed through a long and involved series of chemica 
-hanaes since deposition), in others the rocks are composed, not of 
DTc^^c material, but of mineral compounds which were extracted 
Tom water bv organisms. This group is of great economic impor- 
ance because'it contains, or is tlie source of, the mineral fuels; coal. 

aetroleum, and natural gas. 


II. Chemical iPrecipitated^ Deposits 


Chi;mic-\l Compolnd 


Rock N.cme 


CaJdum carbonate 

Calcium magnesium carbonate I 
Calcium sulphate i 

Sodium chloride 

Silicon dioxide (silica) 

Iron oxide 

Limestone, tufa 

Dolomite 

G\psum. anhydrite 

Salt 

Chert, flint 

Siliceous sinter 

1 Sedimeniai^' iron ore 

1 

III. Organic Deposits 

Material 

Rock Name 

Diatoms 

i 

Diatomaceous earth 

Shells 

Limestone 

Phosphaiic organic material 

Phosphate rock 

Plants 

$ 

Coal 


t is not intended by tJiis classification to set up fixed pigeoniioles 
n which ever\ sedimentary rock can be placed. Complete gradanon 
ixists between many of the rocks shown in die table: furthermore, 
lifferent types of sediment may be deposited together, resulting in 
mixed rock. For example, the line of demarcation between fine 
javel and coarse sand is an arbitrary one: a rock comprised of such 
naterial may be called eidier a fine conglomerate or a coarse sand 
tone. In the other direction sand grades into silt, so that there is no 
latural boundary between sandstones and shales. .\lso silt or cla\ 
•articles mav be deposited between grains of sand, so that there is 
very gradation possible from sandstone through shah sandsiune 



sandy shale to shale. The sea floor on which oiganic matet^ u 
imulating may receive clastic sediment settling from the wattn 

m consequence, the sedimenury rocks in the crust of tbe 

h include sandy and shaly limestones, and every gradation bom 

through shaly coal and carbonaceous shale to shale. The evsmo- 

tig body of water in which salt is being precipitated may receive 

or clay from inflowing streams so that a shaly salt or a salty shale 

result. Many other examples of gradations and mixtures in sedi- 
itary rocks could be cited. 

Shale and siltstone. The finest clastic particles consist 
ither clay minerals, which are formed by the decomposition of 
spar, or of silt, which is made up of finely ground grains of pri- 
y minerals, mainly quartz. Because these particles are very small 

1; 250 inch in diameter) they are transported mainly fn shs- 
iion and wdll settle down onto the floor of lake or sea only vdieie 
water is very quiet; in other words, out beyond the zone of break- 
wa\'es and strong shore currents. Clays and silts are consolidated 
aly by the pressure exerted by younger, overlying sediments. A 
e volume of water is squeezed out and the individual particles 
pressed together into an interlocking aggregate. The resulting 
. is relatively soft but very compacL 

he fact that shales and siltstones constitute over four-fifths of the 
[nentary rocks shows that most clastic material is broken down 
hemical and physical processes to a very fine size befi>re being 
)sited in its final resting place. Most shales and siltstones are 
ine, but there are some very thick formations which were de- 
ted entirely in fresh water. This information is obtained by a 
y of the fossils (mainly the remains of very small oiganisms) 
h may be present in the shale or siltstone. 
neness of grains and softness are two of several characteristics 
neans of which shales and siltstones can be identified. These 
s tend to split easily along bedding planes. The bedding p b mc s 
:lose together; in some shales the individual layers or becb 
ticker than a sheet of paper. In many cases adjacent layers in a 
? are differently colored, due to slightly different conditions m. 
ime of deposition. It is believed that some color banding, espe- 
i where light layers alternate with dark, marks differences be- 
n summer and winter deposition; a pair of such layers therefasre 
esents a year, and the length of time consumed in depositing a ^ 
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shale fonnation of this type can be ascertained by connting the total 

number of color pairs. \ oure 

Ck>mmonest shale and siltstone colors are gray . ^ f 

day shale is light gray; the presence of orpmc ^ 

shale so that the strongly carbonaceous shales are a b ack as coal. 

Shales containing ferric iron minerals are red. ‘ ^ ^^ 
deposits of the southwestern United States consist of both red shales 

an^andstones. Other colors less commonly seen in shales aic pink. 

maroon, purple, yellow, bro^^Ti, and green. 

Most shales and siltstones are friable, crumbling readily when 

rubbed bettveen the fingers. The weathering of a shale consists 
mainly of soaking up water, which produces swelling and 
to the original clay. Because of their fine grains, softness, friabilitv, 
and ready disintegration by weathering, shales are among the most 
easily eroded of rocks. Under conditions of semi-andity, thick shale 
or siltstone formations directly underlying the surface are carved 
into “badlands” by running water. Br>ce Canyon, a National Park 
in Utah, is a badlands in a multicolored shale formation. \\ here 
these rocks are interbedded with more resistant rocks, such as sand¬ 
stones or limestones, erosion will produce relatively gentle slopes 
over the area of shale outcrop. In humid climates such slopes are 
covered with vegetation; therefore, outcrops of shale are ordinarilv 
seen much less frequently than outcrops of other sedimentary rocks 
which are much less abundant. 

The percentage of shale utilized industrially is insignificant com 
pared to the total volume available. However, clays, occurring either 
in clay shales or in deposits which have never been compressed into 
shale, are of considerable industrial importance because thev can he 
shaped and heated (“fired” or “bumed ’l to prcxluce hard and dur¬ 
able objects. The most characteristic property of clay is p last icily, 
which is the ability to be molded without rupture when wet, and to 
retain the molded form when dry. The color of burned clay varies 
from white to red and even black, with various intermediate shades 
such as cream, yellow, and buff. 

The manufacture of clay products is known as the ceramic indus¬ 
try. Clay products may be classified into refractory /bricks, crucibles, 
and retorts), structural (brick, tile, and terra cotu). domestic (vitri¬ 
fied brick, sinks, sewer pipes, chinaware, and pottery), and elec trical 
(insulators). In volume, brick and tile exceed the other ceramic 
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deposits arc obviouslv of deltaic origin: siu h ■'-i t':- 

nized bv the steeplv dipping for-’ycf fu- .. 

cessive outer edges of the delta. Tlie f^cd^ ‘d ra 
sand: one 2[Teat souree of industrial sand 'tiea:::' 
sand is dredged or pumped. In rare instance^ stie-cm 

cohered bv voun'aer sednuents and prciervco. e*. 

“shoestring ’ sandsttsne bcxlies tvlmh in a ic'-'- 


▼* . 


* 










c-.ntain commercial supplies of oil. Windbloun sand also 
. umui.ucd in the past in deposits which have been preserved. 
;lst.jne beds are in most cases interbedded with shale (Fig. 105). 
uslv. the conditions under which depcjsition i(x»k place in the 
ere constantly shifting. A slight depression of the shore line 
ha\ e made a spot that was formerly being covered with sand 
mtlv deep or far offshore so that the waters were quiet, and 
as deposited over the sand. \n elevation of the shoreline to 
here near its original position might then have restored the 
CIS conditions so that sand would be deposited again, this 
bove the clav. Or the streams might have become more active 
.e of gyeater rainfall or tilting of the surface so tliat the t^ra- 
would be increased, in which case the sand would be carried 
id deposited over areas which were heretofore recei\incy only 

* O / 

r silt. The mam alternations between shale, sandstone, and 
sedimentaiT rocks in the earth s crust attest to an almost 
s shifting of conditions in tlie geologic past. No doubt these 
ihifts are taking place today, but the rate of change is so slow 
: makes little impression up>on us. 

ds are con\erted into sandstone mainly by cemenution of the 
. Because of tlieir shape, sand grains cannot be packed closely. 





10^ Fluied cliff face of sandstone v.-ith interbedded shale. Jutting 
are more resistant sandstone beds: soft shales lie back of the horizontal 
s. Canle near Florence. Colorado. By K- C, Hussry. 
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Although every grain may be wedged liglulv in plate, the roiimi 
surfaces cause open spaces to remain between the grain's. In t.n t 
about 40 per cent of the volume occupied by a sand ton'^i>ts ol \nu i 
stitial (between-the-grains) openings, wliich are so intcr( (furua ti <! 
that air, gases, or liquids can flow fairly freelv through them. W iifi 
but few exceptions these prjre spaces are filled witli \satt i iiom tlu 
time a sand is first deptrsited. Minerals in s<iluti(jn in iht art-i ni i\ 
precipitate and act as a cement l>eiween the grains. RauU 
is this cementation at all complete, so most sandstoiu-N ^tiW ha t a 
porosity of from 13 to 33 per cent of the total \olumc ol tiu i h k. 

The commonest substance cementing Siindsiones is eahium « .ii 
bonate, the same compound Avhich. when fairlv pure, makes a lime 
stone. Hydrous iron oxide flimonitei is another ( ommon ( cmeiuing 
medium. Sandstones cemented with limonite are \ellow. [mil. «n 
brown in color. Some sandstones are cemented b\ siliia. the same 
compound (quartz) as most of the grains in the average sandstone. 
Silica<emented sandstones are \erv strong: the ceinem is just .l^ 
hard as the grains themselves, so that thc*se roc ks fracture tliiough tin 
grains instead of around them, as is the case with other (eineni>. 
Quartz sand grains completely Iround together l>\ silica make one 
type of quartzite, an exceptionally lough rcKk. .Mans ol the oidr i 
sandstones in the earth’s crust and. here and there, vonngcr mik! 
stones have been cemented into quartzites bv precipitation of mIk .i 
cement from ground waters. Iron carbonate or oxide inav al%o be 
cementing material. Cementation changes a loose aggregate of saru! 
into a compact rock. A loosely cemented sandstone mas be friai)U 
one tightly cemented is not. 

About one-eighth of the sedimentars rock in the eartli s crux 
sandstone. However, sandstones are more resistant to erosion than 
the much commoner shale, and arc therefore more prominent tojx» 
graphically (Fig. 50>. In many places thev form the cap nnl 
hogbacks and mesas, features which were described in f li ipo r V 
The resistance of sandstone to erosion causes steep slopes m t>, 
formed where nature carses into cjr through beds of this mao ml 
The rock forming die sheer walls of Ziem Canvon in I tah ( miv 
de Chelly, Arizona, and many canvons elscnvhere is s.uicistonc 
Sandstones are easily identified because thev eonsist f>f vimM, 
grains of sand. These grains are alwavs partly rounded and m r 1. 
almost spherical. Quartz, due to its abundance in granite ami uv 
resistance to physical disintegration and chemical dc(onuK^mor, ,, 



Jic niost coinnion mincrav in sandstones. WTierc feldspars and 
ess stable minerals are present, the assumption is that either 
mate \v4is excessively dry at the time of deposition, slowii^ 
iccomposiiion. or else die sand was carried but a short dis- 
roni its source. Additional e\idence concerning the distance 
ae of transpnartation can be found in the degree to which the 
lual grains, originally angular, have been rounded. The far - 
grain has been transported, the more rounded it ^vill be. 
ed among the grains in a sandstone may also be hea\aer min- 
uch as metallic compounds, which are as stable as quartz but 
Lindant because thev were relativelv scarce in the source rock. 
p)aration and identification of these minerals supply evidence 
le tvpe of rock from which the sediment was derived, 
vidual beds of sandstone are on the average much thicker 
lose of shale: some single beds are many feet thick. Thin beds 
►t unknoim, however, and, where the beds are differently 
i. a banded sandstone is the result. Sandstones may split along 
ig planes, but the separation is not as easy as it is in the case 
e. Most sandstones are white or grey, but a limonite cement 
res a \ellow, buff, or bro^sTi stone, and hematite makes a red 
me. Other colors are uncommon. 

tropertv of sandstone which is not readily discernible but 
plavs an imp)ortant role in the storage of ground %vater, petro- 
and natural gas, is porosity. By means of the interconnecting 
paces, gases and Buids can move throng^, and be stored in, 

me. 

r weathering of sandstone is accomplished mainly by the 
)n and remo\ al of the cement that holds the grains together, 
eous cement is especially susceptible to solution by vrater at 
>ar the surface. ^Vith the remos^l of the cement the sandstone 
Uec.^nes a loose aggregate of sand and can be carried au’ay 
In running water and wind. The sand grains them^lves, 
.e then consist mainlv of quaru, are not very suscepable to 


erinj aijents. 


t historic time sandstone has been used as buildi^ 
decades ago a browm sandstone occurring among ^ 
North .\tlantic coasul region was very popular, 
stone houses were built in the cities of that area. In 

e.rrs the hd has turned to white Indiai^ 

_^ .K. in<T of sandstone has deebned. How- 
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ever, there still are many quarries producing sandstone for lo<.il 
consumption. 

Grindstones are made of sandstone uliicli is neither too fine n<n 
too coarse, and neither too tightly nor too loosely (ementcd. Most of 
the grindstones produced in the United States come Iroiii a single 
sandstone formation which outcrops in Ohio. 

Many of the major groundwater reservoirs are sandsioiics. I lie 
northern Great Plains area obtains most of its water Itoiii a wide 
spread sandstone formation known as the Dakota. IJkeuise, s.ind 
stone is an extremely important reservoir rock for oil and gas. In 
drillers’ terminology', any oil- or gas-prf)ducing bed, wbetlier it be .1 
sandstone, limestone, or dolomite, is tailed a ‘sand." 

Coarse elastics. One variety, termed eonglanternlr (Fig. 
106), is made up of waterworn bttulders, tobbles, and jjebbles, with 



fig- 106 . Exceptionallv toam- 

conglomerate. Hammer ili .enter 
gives scale. .Malm (.ulih. Custer 
County, Col.jratlo, liy C, p 
Courtesy Geological Survey, V. S 
Department of the /nienor. 



ordinarily filling the interstitial spaces between the coarser s^i- 
5. These materials accumulate along the shoreward edges of 
les, and in the beds of fast moving streams. They become 
nted by the same compounds that cause grains of sand to ad- 
in a sandstone. Where silica is the cementing medium, the rock 
led a quartzitic conglomerate. Conglomerates are composed of 
fragments of rock, and quartz is only one of a number of min- 
which may be present in this rock. The individual boulders 
eadily discernible, so recognition of a conglomerate, or “pud- 
tone,” as it is often called, is easy. Conglomerates are relatively 

a 

breccia is composed of angular rock fragments cemented to- 
;r (Figs. 85 and 98). Coarse material ejected from a volcano, 
lus which accumulates at the base of a cliff, may be cemented 
rm breccia. The heterogeneous collection of sub-angular and 
rted rock fragments transported and deposited by a glacier is 
upon cemenution the rock becomes a tillite. The presence of 
;s among sedimentary rocks gives evidence of ancient glacial 
tds. 

Limestone. Limestone is listed twice on the table 
1 on page 225 because it can be formed both through the pre- 
ation of calcium carbonate from water, and through the re- 
d of this compound by organisms, mainly shellfish. As a matter 
ict, many limestones are formed by a combination of these 
esses. Most, but not all, limestones were deposited in salt water, 
ilcium compounds are fairly common products of the d^om- 
ion of such minerals as the feldspars. Carbon dioxide is p®o- 
d both by volcanic activity and by organisms. Consequemiy, 
"ivers emptying into the oceans cany the elements necessary 
e calcium carbonate, a compound which is relatively mstdaSde 
so is readily precipitated. The presence of even minute amoaoK 
dcium carbonate dissolved in water is all that is necessary tor 
rrowth of various types of animals, and some plants, wtocii re- 
e it from the surrounding water. A few limestone forma ^ns are 
e obviously ancient reefs, but most limestones of organic cwym 
Formed through the accumulauon on the sea floor of couniaess 

ions of individual shells. 

he limeslone, lying at and near the earth’s surfece a« to 
- a source of calcium carbonate, so some limestone butldtng 
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nia\' be an endless e\cle with older Laharc-'us r<><.k> NUpphni. 
material netessarv tor the h>rniati<>n ot Ncunacr lime'll' r*c>. 

y • ^ 

Caleium carbonate a( t unitilate> on the sca Hm. *i‘ aN uiu 
c^iUnrcons ooze or. in die case of orj;anic deposits, as .in :ir “i.eiei: 
collection of shells. Lithifaction is accompiislied in part be : 

^ehich squeezes out thr water, but niainlv b\ cr\Ntal!i/.t:i'a': t;.( 

calcium carbonate into an interlocking a'^r^iTegate of ca.-. r.e ^ 

producing an exceediii'^b compact rock: most limc^tl>nc' .lU n- 
friable in the least. 

Limestones (and dolomites compose about h per cent a i’ t 
sedimentarv rocks in the earth's crust. These nocks arc tlieier 
much less a[)undant th.in shale, and onb about half a> i"inin-'n 
sandstone. Xevertlieless. limestones are fairh \cidesprcad and. like 
sandstone, are more resistant to erosion than die a>sociatcd Nhale 
so that good exposures are tairK ccunmon -Fia-. 107 . 

The sole essential mineral in Iimest<inc is cahite. but in in.on. 
cases tlie indixidual can seals ut tliis mineral are too small r.. b, 
recognized. Limestones are easiK identified tluouTh the fc.ibb.bn, 
or effeiaescence that takes place nlien the surface is toiu;:edL itct . 
drop of dilute acid. Man\ limestones contain scattered ■ : 






, Limestone, with rel.uivelv thin interbedaed 

ertek calicv m n.>i ihcasttrn knn>a>. B\ rio /;••■ ■/ ■ ( 

5i/rcev. 


^ 4 « % « 



, snails, and other animals. Because of its mineral composidon, 

tone is a rather soft nx:k. scratching readily under the point of 
te blade. 

iiimon limestone is white or gray in color. Where hydrous iron 
(limonite) is present, the rock is yellow, buff, or brown. Some 
tones are black, caused in most cases by the presence of organic 
rial. Chalk (Fig. 108^ is the name applied to a dense, excessively 
rained, light colored limestone that is composed of the shells 
icTOscopic animals. A limestone made up entirely of visible 
and shell fragments is known as a coquina. 
well as surface waters, many hot spring waters contain calcium 



ig. 108. Chalk in thick massive lasers. Man in center gives 
iiv. Kansas. By Kenneth K. Landes. 


scale. Smith 


tinate in solution, which may be precipitated at the surface 
ugh c(X)ling and e\ aporation. The light and porous rock which 
hi is lalled tufa or travertine. Tufa deposits are found around 
ennia\ hot springs and geysers, and some limestone fopnations 

>elic\ed to have been tufa depoyts originally. V 
he weathering of limestones is largely a leaching process. Al- 
igh practicallv insoluble in pure water, limestone is readily 
ble in ^^ater containing carbon dioxide, a compound that is 
V prevalent in surface and near-surface waters. For this reason 
atones at the outcrop tend to develop a pitted appeaianc^a^ 
•stones beneath the surface may be made cavernous through the 
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activity of ground water. A continuation of these prtxesses rcsuh. 
eventually in the complete removal of a limestone formation. 

Limestone is a rock of manv uses. Its populaiiiv at tlie picsent 
time as a building stone has alreadv been mentioned. In addition 
to the oreat Bedford limestone quarries located in Indi.ina. \^hlcll 
supply white dimension stone for building construction -uer a large- 
area tliere are manv smaller quarries that siipplv a local market. 
Actually onlv a relativelv small part of limestone tpian ied is used 
as dimension stone. Most of it is crushed and used in emrete a- 
gregate, as a road surfacing material, and in the manulactuic ol lime 
and cements. It is used also as a furnace flux in metallurgical plants 
and as agricultural limestone, which is spread over the siiiface of 

soils deficient in calcium. 

One valuable quality of limestone is its heha\ ior u|K)n heating, 
high temperatures cause carbon dioxide ^a gasj to be driven off, 
leavino^ calcium oxide (lime or quicklimcj. Lime has a high affinitv 
for water, and when water is added it slakes (combines ssith the 
water) with evolution of heat to form hsdrated lime. Its principal 
use is to form mortar and plaster with the addition of sand. 

Natural cement is made from a shaly limestone in which the 
impurities run from 15 to 40 per cent. The impure limestone is 
heated in the same way as in the manufacture of lime, but, inste.ul 
of making lime, tlie calcium unites with the impurities to form 
other compounds. However, the resultant product will slake with 
the addition of water after it is pulverized. Natural (emetit ni.inu 
facture is a minor industry now, but this material was used for main 


centuries before the discovers of Portland cement. 

Portland cement svas patented in England in 1824. It was named 
after its alleged resemblance to a verv popular English liinestone 
extensively used for building purposes. Portland diffeis Irom natu¬ 
ral cement mainly in that the ingredients are first mixed in sets 
definite proportions. If the rocks are pure, three parts of limestone 
is mixed svith one part of clay or shale. This mixture is heated until 
it clinkers, and then the clinkers are pulverized. The incre.ised use 
of Portland cement in building construction has caused a de< rcas< 
in the use of building stone. 

Limestones are not as consistently porous as sandstones. \et mans 
limestone beds contain enough openings so that thev contain a l irm 
volume of svater, gas, or oil. These openings mav be solution i .ist 
ties, or they may be interconnecting fractures that cut through this 



•nitJe rock. The deeply buried limestones (and 
^le Mid-Continent produce great quantities of cmL The 
of limestone wells can be increased by “acidizing,” pour- 
? well a dilute acid which eats out the aiwl ^ 

passageway into the well. 

Dolomite. Dolomite is a carbonate of both 
iium. It occurs in sedimentary beds like limestone; in fact 


magnesium carbonate, and tl 




ne IS 


gradauon between limestone, dolomidc limestone, and dolo- 
It has been suggested that dolomites have been framed 
igh the replacement of calcium carbonate by svaters mntaming 
lesium. this replacement taking place in the calcareous ooze rai 
» floor in most instances. 

lomite is less abundant than limestone but is fairly mmmnan, 
rheless, in some regions. It looks like limestone, but it eSer- 
s vigorously in acid only when powdered. Dolranite is used lit** 
tone for building stone, but it c ann ot be used in remem 
re. It can, however, be used as a refractory, for it has a hi gher 
ng {X)int than limestone. Dead-burned (heated so that the car- 
lioxide is driven oS) dolomite is used to line open-Iieardt ateel 
ices. An even more valuable refractory is the pure magneripna 
mate, magnesite, which is somewhat similar in its occrarEnoe, 
ilomite is also made into compounds used in heat insaiaddoB. 
ly buried dolomidc formadons in the Mid-C onring n t aae fat 
s suffidendy porous to contain large supplies of petroleomC 

Salt and gypsum. Sodium chloride (salt) and ndrimn 
late (gypsum) are abundant compounds in sea water 
ior bodies of water that lack oudeL The great 
un that occur in the earth w'ere formed through the ev^omr 
of sea water that became intermittendy separated boot 

Calcium sulphate, which is present in the minmal 



Hill 


sak 



is much less soluble than salt and therefore predpilates befase 
luring the e\-aporadon of a normal brine. Certain 
ding potash compounds, which are even more soluble than 

im chloride, are predpitated only whoi evaporadon 
St to dryness. 

le sodium in salt comes originaUy 
Idspar. Chlorine is a gas gh en off by volcanoes. It is brought » 

^mh s surface by rain falling through chlonne^laden ati» 

e The union of these two elements produces salt, but becaiw 


mill 


such igneous 
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of its great solubility this compound tvill not be precipitated except 

through evaporation. r j t i • 

Salt is easily identified by its taste. It occurs in stratified beds in 

such compact form that in mining it has to be drilled and shot with 
explosives like any other rock. However, because of its solubility, 
salt can also be obtained by pumping fresh water down wells and 
evaporating the resultant brine which is brought back to the stiiiace. 
Salt crystals are colorless, but most rock salt is white or gras. 

Beds of salt do not outcrop except under unusually arid condi¬ 
tions. However, ground waters may penetrate salt deposits and 
emerge at the surface as salt springs, thus disclosing the presence ot 
hidden salt beds. Salt has also been discot ered through drill holes, 
put dotvn in some cases for salt, but in most cases drilled for ivater, 

oil, or gas. 

Michigan, Ohio, and New York produce salt from the same 
formation (Fig. 109). The largest known salt deposit in the world 
extends from Kansas across western Oklahoma and Texas into east- 



Fig. 109. Salt mine. Alternating strata of light and dark salt visible at rialu 
and above die figme at left. Courtesy International Salt Comimny. 


geologic rrocesses 

Mexico. Salt is obtained also from the brine of Great Salt 
■• the Dead Sea, and from ocean water in San Francisco Bay. 
siana lias become an important salt-producing state throu<rh the 
.itation of salt plugs (Fig. 110). These vertical, pipe-like bodies 
ormed bv the upward flotvage, under pressure, of salt from deep- 
d sedimentarv beds. The Stassfurt region in Germany produces 
mly salt, but also rare and valuable potash compounds. 

It is the onlv edible mineral. Essential to the normal diet, it has 
sought and treasured throughout historic time. The chief uses 
It are for table use, for butter, for stock, for meatpacking and 
ig. for pickling, and for adding to tlie ice used in making ice 



FiR. 110. Large room in sail mine in piercement 
> ,lt dome or plug. Louisiana. Courtesy International 


\ iil Cotnl?tin\. 


Sedimentary Rocks 

cream. It also is used in large quantity in the manufacture of varioi 
chemicals. 


It is quite possible that most g\psum (calcium sulpliate pin 
water) was originally precipitated as anhydrite (calcium ^ulphat 
without water) which was subsequently hydrated through the ad 
dition of ground water. Gypsum deposits are geographicalU mor 
extensive than salt deposits, because calcium sulpfiate. levs soluhit 
is precipitated from brine before salt. In some instaiKcs th< 
evaporating process was stopped after calcium sulphate had sepa 
rated out but before salt precipitation began. Gypsum occurs in tin 
same formations previously mentioned as yielding salt and, in ad 
dition, in strata in the Rocky Mountain region. 

Most rock gs'psum is white in color. It is so soft that it can b( 

scratched with the fingernail, .\nhydrite is verv' similar in appear 

ance but is slightly harder. These rocks may be interbeddcd witi 

layers of salt or shale, because of changes in local environment ai 
the time of deposition. 

Some gypsum is used in “raw” form as a retarder in Portland 


cement, as a fertilizer (g\'psum.is not in itself a plant food but ii 

often reacts with other substances to produce plant food., as a base 

in paints and insectides, and as a filler in cotton and paper. A com 

pact, dense variety of g>psum known as alabaster has been used in 
place of marble by sculptors. 

Most gypsum is burned or “calcined. ” In this process three-fourths 

of the chemically combined water is driven off. and the resulting 

product, known as plaster of paris, has the ability to recombine with 

water and “set” into the shape to which it has been molded. The 

chief use of plaster of paris is in wall plaster, but it also has ma-n 

oth^ uses, including plaster board, tile, stucco, surgical casts, and 
models of many types. 

G^um may also be burned to complete dehydration to produce 
a product (Keene's cement) which is likewise used as a plaster. 

1 K T ^ riatun] by-product of gspsum is free 

sulphur. In a few localities the calcium sulphate in gspsnm (or an 

hydnte) has been reduced by bacterial action so that the bed i. 
parually or completely altered to native sulphur. The onlv exten¬ 
sive sources of free sulphur for many centuries were sii< li H 

when a method was developed for tlte extraction hr drilled ttclU 
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ir of similar origin occurring in the cap rock of some of the 
iigs on the Gulf Coast of Louisiana and Texas, 
r half of the sulphur consumed in the United States goes into 
iric acid. Sulphur fumes produced by the smelting of sulphide 
re likewise transformed into sulphuric acid, which is very 
tant to industry. It is used for many purposes, including the 
acture of acid fertilizers, chemicals, dyes, and explosives, pe¬ 
rn refining, sugar processing, in storage batteries, and in 
lizing. Next in importance to sulphuric acid are other com- 
s used in paper manufacture, refrigerants, fumigants, bleach- 
ents, and chemicals. Sulphur is necessary also in vulcanizing 
r. Other uses for sulphur are in insecticides, fertilizers, and 
heads. 

Siliceous deposits. Even silica, the oxide of silicon 
1 crystalline form is quartz, is slightly soluble in water. Silica 
led to the sea by the rivers draining the continents. It is chem- 
precipitated on the ocean floor in colloidal (gelatinous) masses, 
onditions favoring this precipitation are the same as for cal- 
carbonate; therefore, such siliceous deposits occur in most cases 
lestone. Burial subjects the colloidal masses to pressure, so that 
Iter is squeezed out and the silica becomes hard white chert or 
fliut, both submicroscopically crystalline varieties of quartz. 

‘ minerals occur in nodules, lenses, and even in beds. Many 
ones are cherty; a few formations consist almost entirely of this 
ial. Hot spring waters, beside depositing calcareous tufa, may 
recipitate silica. Such deposits are called siliceous sinter. 

Sedimentary iron ore. The great iron deposits that 
d from the Birmingham distirict in Alabama to New York are 
entary. The ore mineral, hematite, occurs in beds which are 
stratified with other sedimentary rocks. Iron oxide is present 
all amounts in all bodies of water and is precipitated when the 
esaporates. Iron can also be removed from solution by iron¬ 
ing bacteria. England and Europe contain deposits of "bog 
,re,” consisting mainly of iron carbonate which apparently was 

aitated from swamp waters abnormally high in iron. 

Dintomaceous earth. Diatoms lived in such abun- 

. durins recent geological periods that their tests aceumulated 
irk deposits on the floors o£ lakes and seas. Subsequently t ^ 
„e compacted into beds of diatontaeeous earth, a white pow- 





dery material, light in weight, which is used mainly for heat insul t 
tion and as an abrasive. 

Phosphate rock. The original source of phosphatt 
■ is the mineral apatite, which contains calcium, phosphorus, anc 
one or two other elements. Apatite is present in all igneous rocks ir 
minor amounts. Phosphorus, as phosphoric acid, is readily removed 
from apatite by weathering processes. Phosphoric acid enters th< 
soil where it may replace carbon dioxide in limestone to jjrodut t 
calcium phosphate, or it may be removed by organic life. The or 
ganic phosphorus may subsequently be dissolved by ground water; 
and reprecipitated in calcareous rocks as calcium phosphate in tiu 
same manner as phosphoric acid derived directly from the weather 
ing of apatite. 

At present the principal source of phosphate in this country is ir 
the states of Florida and Tennessee, where phosphatic rock occurs 
in sedimentary beds. Great reserxes of phosphate in somewhat simi 
lar deposits occur in the northwestern part of the United States, es 
pecialJy in Idaho and Montana. The phosphate demand in othei 
parts of the world is met by exportation from the United States, and 
by exploitation of deposits of phosphate rock in northern Africa. 

Coal. Coal may be defined as vegetal matter with 
varying amounts of mineral matter which through geological proc 
esses has become so changed by loss of volatile constituents that it 
is compact and dark in color. Geologists have obtained much factual 
information through detailed examination of coal beds and asstx i 
ated rock strata from which the steps in the coabmaking process 
have been inferred. Most coal is consolidated and nietamorplK)sed 
peat. Peat is accumulating at the present time in swamps and lakes 
scattered over the earth s surface. However, the great coal-making 
peat swamps of the past were many times larger than those of today. 
- One reason is that the continents at present have much greater relief 
than they had during most of the past. It is essential to large-scale 
peat accumulation that a region be near base level, for otherwise 
streains would bring in so much inorganic sediment that the ac< u- 
mulating organic material would be subordinated, and a carbo 
naceous shale instead of a coal bed would be the eventual result. 
Plant fossils found in coal are of the fresh water swamp type. How 
ever, fauna suggestive of brackish (slighdy saline) water may als<i 
be present. It is probable that most coal originally was i>eat in 



1 swamps, like those bect%een barrier beaches and the 
rions of recent coasul elevation. Because many coal IWi? are 
lin by marine strau, it is apparent that oscillations of sea level 
alace which caused alternation between swampy conditions 
lete submergence. 

rather special set of climatic conditions also was necessary in 
to create the great |>eat stvamps of the past. The temperatrae 
have been mild, permitting the growth of plants of sub-tropicai 
topical habitat. It was also remarkably uniform the year round, 
lumidity must have been high in order to permit prolific plant 
h. The great coal-making pieriods were marked by a wide 
taneous geographic distribution of bivorable climatic environ- 
s, for coals belonging to these periods are found on all omti- 
and at tvidely varying latitudes. 

al geologists have evolved two theories to account for the ac- 
ilation of vegetal matter. One is the in situ (in place) theory, the 
ments of which believe that the peat of the past which eventu- 
nade coal accumulated through the heaping up of the remains 
ccessive generations of plants in successive layers. This process 
nor on today in large swamps such as the Dismal Swamp of Vir- 
and North Carolina. The followers of the other concqit. 
•n as the transportation theory, believe that peat is an accumu- 
1 in lakes and lagoons of v^;etal matter that has floated in awl 
to the bottom. Wind-blown organic material, sudi as spores 
pollen, are added to thb muck. Eventually the lake becoanes 

>ugh the accumulation of organic debris, so that plants 
p type take root, grow, and are finally added to the rest 

organic material. Evidence can be found for both 
.bable that coal beds have been formed by both i 
le spores and pollen composing one type of coal (caimd). 
also present in lesser amounts in the predominantly woo^ 

of coal, are transported. 

le first series of chemical changes necessary to coal foimacuw 

ivhile the plants are accumulating and fermenting in 
ip The organic material becomes disintegrated, decomposed, 
r^uced. To a considerable extent these transformations^ are 

out through the activity of bacteria and othCT miao^ 
lisms; as a result this step is spoken of as the biochemical s^ 
re final step in coalification is the dynamoch^tc^ su^^J^ 
tegrated and ■rotted" plant matter becomes buried (following 
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submergence) under stores, hundreds, -ind e^en th'Hiv.n^. 
of vounger sediments. The ueight of the ^oetoini t- v 
the or^nic material and squeezes out a lai jie stc.irc t e : 
iai also raises the temperature, uhieh sf^ecds up c ic . ; v ; 
esses so that a part of the volatile conscituenL' u 
fv'rrpnrao'e of fixed n<?»n-\olaii[e carl.)<»n l)ci tuo 
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percentage ot fixed n<>n-\olaiue carr>^»n dci .. 

greater. If relati\el^ high temperatures arc re it i.e'.: ‘ : .i 
mochemical pnx'esses t*>ntnuie f(>r a i“ng perE'-*. -'J — 
hio^her in fixed carbon roult. D\ nam* - iicTrat al pr-to-.- 
accelerated bv horiz*mtaI pressures and iris rca^ePi Cctrif < : c - ^ 

companving diascrophism *C[utpter I! Tfui> tfie arKtirv- > t 

in the Appalachians *xcurs ufiere da iL-atu-tm o!Lrd::u '■ ^ ^ 

were much greater tlian the\ were in tf.c bituminous i- u * * t u 
the westward. Tlie coals cxcurring bef.^.*ecn Piigm V tinLl uid :ut 
Cascade Mountains in the State ot W^tsiiinu:* ti o toi'tcn* in !caN<_ 
in rank from west to east toward tf»e /<>nc ot -Tcatcst di t^tr ycui at.- 


u\arv. 


Elevation of the coalxuntainitig torTTi:i:Eon> anc! er-rs: 


overlving rocks so chat tlie coal bed^ lie ; 1' 
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that thev mav be exploited are die final [*ro^ cS'c> in d e 
of a commercial dep>sit of Loal Fig. !!I . Ifovtucr * a 
esses make coal beds liable to [xiietrari..n h\ ground ^ 
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Fig. in. Four thick inclined Uds ot coal e\|»^d ,n ^ 
of Heah River. Alaska. By F S SouA C/vtir:. o 
fkirtment of the Intenor. " 
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isture content of the coal may be increased, and nnHp«iT i^ bl e 

1 compounds, sucli as iron sulphide, may be precipitated witiiib 
coal. 


xjal is classified into several ranks depending upon both phyac^ 
perties and chemical composition. Peat is plant debris whidi has 
yet reached the true coal stage. It varies from a light brown 
abers to a dark brown or black, jelly-like substance. Lignite^ or 
wn coal, is the lowest of the true coals. It splits into slabs upaii 
ing. Sub-bituminous coal, or black lignite, is a slightly 
le of black coal with a tendency to split irregularly. Bituminous 
I is deep black and has a cubical or prismatic fracture. Cannel is 
ariety of bituminous coal made up of spores, pollen, and other 
eedingly minute plant particles. Ik has a dull luster and a very 
uogeneous appearance because of the small size of the component 
tides. Semi-bituminous is high-grade bituminous coal, whereas 
li-anthracite is low-grade anthracite coal. Anthracite is a hard, 
ck, brittle coal. It has a very bright luster and conchoidal frar 
e (breaks along curved surfaces). Super-anthracite coal lies be- 
ren antliracite and graphite, which is pure carbon. Ciaphite 
mot be considered a coal because it will not bum, althou^ scnne 
phite results from extreme metamorphism of coal, 
rhe United States contains enough coal within 3,000 feet of the 
face to last for about 1,500 years at the present rate of consump- 
1 . The leading coal-producing states are Pennsylvania and West 
ginia. The United States ranks first among the nations; dJs 
intrj’, Germany, and England together produce nearly three- 
irths of the total annual coal output of the world. 

*eat and every grade of coal from lignite to anthracite are lued 
domestic heating and cooking. Various grades of bitninuKMB 
I are burned to make steam in ships, locomotives, and stationary 
lers. The use of coal to make steam for the generation of ^!C- 
:ity is increasing. Coke is the hard residue obtained by heating. 
1 in the absence of air. It is a much more concentrated fuel than 
il, and is used mainly in metaUurgical processes. 


PETROLEUM AND NATURAL GAS 

Uthough oil and gas are not ordinarily considered rocks, they 
ur in sedimenur> rocks and have an origin somewhat similar W 
It of coal. The major difference between coal and oU !5 » 
Tratory character of the latter. 



Sedimentary Rocks 

Petroleum is essentially a mixture in var\ins proportions of dif 
fexent hydrocarbons fsubstances composed of hvdnjgen and carboni. 
Beside liquid hydrocarbons there are also gnsec)us Intlioc arbi>ns. 
such as natural gas, and solid hydrocarbons, including paraffin and 
asphalt. Both gaseous and solid hydrocarlx)ns may be disvjived in 
crude oil, especially where it is deeply buried in the c rust and con¬ 
sequently under great pressure. 

Crude oils van in color from light amber to black, depending 
upon their comp)osition. A most im}>oriant property of c rude nil is 
its density, or 'graxiiv.” Light oils have a relatively high gay>1 me 
yield and are in most instanec-s capable of prodiu ing a higher grade 
of lubricating oil than the heavier crude oils. The hea\iest oils have 
about the density of water, but the average j>etroleum is consider¬ 
ably lighter than water. 

Many problems concerning the occurrence of oil have not been 
solved to the satisfaction of even one. Sev eral theories basc*d on an 


inorganic source of oil have been advanced, inainlv hv ( hcniists. 

These theories, although readily demonstrable in the chemical lal>- 

oratory, are vers- strongly opposed bv gef)logists svlic, lia\c at their 

command a vast amount of information in regard to the manner in 

which oil occurs in the rocks of the earth s crust. Geologists believe 

that oil was originally organic material, because it is almost insari- 

ably associated svith sediments and is absent in igneous rtKks where 

inorganic oil svould be expected tf> occur. Bituminous rfn ks .iie 

found in the vicinity of most oil fields, and a petroleum like fluid 

can be distilled from such rocks bv a simple ialjoratorv pnxevs. Fm 

thermore, oil from organic material, fxath plant and animal, tan be 

obtained just as readily in the chemists’ laboratory as oil imm inor¬ 
ganic material. 


_ For many years a controversy has svaged among petroleum ge-ol 

<^ts as to whether oil comes from animals, plants, or {xrhaps from 

both types of life. The soft body parts of marine animals, such as 

fish, corals, clams, snails, and foraminifera could, if accumulation 

took place in sufficient amount, yield oil. It is true that skeletons or 

shells of these animals are very abundant in mans marine forma 

uons now lying at or near the earth s surface. However, there is 

s^e qu«tion as to whether or not the bodies of the skeleton or 

Aell-building animals eser accumulated in volume approadung 

t^t of the harder parts, because sea-floor scavengers would dine on 
these carcasses. 



ijr€oLogic t^rocesses 

IS not possible to consider land animals as having been a source 

il because (1) they were not abundant until rclathely late in 

agic time, (2) decay is too rapid on the surface of the land for 

iccumulation of carcasses, and (3) oil is usually in and associated 
marine strata. 


he proponents of the plant theor)’ for the origin of oil believe 
the loAvcr plants and finely di^'ided higher plants, especially 
es and pollen, furnished the source material for petroleum. Both 
ne and continental plants are possible sources, for the latter may 
arried to the sea and deposited under a marine environment, 
is possible tltat petroleum is deri\ed both from marine animals, 
cially the microscopic one-celled^ types, and from the lower 
ts, many of which are likewise microscopic and one-celled, with 
aps some finely divided, higher plant material, 
ocks containing organic materials suspected of yielding oil are 
■vn as source rocks. Recent and very extensive investigations 
the probable character and environment of source rocks have 
Ited in the conclusion that the best source rocks are marine sedi- 
ts ^vhich ^vere deposited fairly close to shore and which are 
er shaly (clayey) or calcareous (limestone) beds. Therefore, con- 
)ns are unfavorable for oil where the rocks were deposited in 
1 "water or, if marine in character, Avhere the sediments were da¬ 
ted in deep water and far from shore The real source beds of 
are probably less bituminous than oil shales, which are fresh 

?r deposits. 

ext is the conversion of the organic material in the source rocks 
petroleum. The first step in this process is biochemical, during 
'h bacteria decompose the organic material and reiTio\e the ox)'- 
that is present in all plants and animals but is not an esseiitial 
icituent of petroleum. The biochemical action takes place while 
organic material is accumulating on the sea floor. Subsequently 
someuhat altered organic debris is covered bv a la^'er of clay or 


urial is follo^ved eventually by a transformation of the solid or- 
ic matter into liquid petroleum. Questions as to the details of 
conxevsion are largely unansAvered. From laboratory expen- 
itaticm it is knoun that either unusually high temperatures or 
;sures sufficiently great to cause molecular displacement wul pro- 
e transformation of solid carbonaceous matter into petroleum 
most oil regions show no ex idence of the existence of abnormal 
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ternperatures, or high rock pressures,, since the oil-bearing sedinieiu> 
were deposited. Perhaps die answer to the enigma is that the trans¬ 
formation can and does take place at near-nonnal temperatures and 
pressures, but the process is so slow that time must be measured by 
geological standards before appreciable results are obtained. Tlie 
laborator)^ technician can simulate most of the conditions which 
nature may impose upon materials in the earth’s crust, but he cannot 
simulate geologic time. A million years is not a \ery significant 
length of time to the geologist, but results could presumablv be ob¬ 
tained in that span of time that would not be noticeable in a few 
years of laboratory operation. 

The next step in the accumulation of oil is its m igration, for com¬ 
mercial quantities of petroleum are not obtained from source rocks 
because the permeability of such rocks is so slight that oil will not 
move through them into a well. Instead it migrates \ er\‘ slotv Iv and 
through a long period of time from die source rock into a more 
porous formation, known as the reservoir rock, A resen oir ro< k 
must have an abundance of open spaces. If oil or gas are not present, 
these openings are, in most cases, filled with water. The voids or 
open spaces in rocks such as sandstone are merely the pores bettveen 
grains of sand. The better the rock is cemented, the less space is 
available for liquids and gases. Other types of \oids are cracks and 
fissures cutting through the rock, solution cavities (especiallv abun¬ 
dant in some limestones), and cavities formed during the weathering 
of other types of rock, ^ 

The two essentials of a reser\oir rock are diat it must have enougii 

voids to permit the storage of a large volume of oil and that it 1111 ^ 

be sufficiently thick so that a well will yield enough oil to more than 

pay for its drilling. Furthermore, the voids must be coarse enougli 

to permit fairly rapid movement of the oil through the rock inio 

the well, A shale may be as porous, and therefore mav contain a. 

much oil, as a sandstone, but the oil will move through the shale s 

ve^ fine pores at such a slow speed that commercial prcxluciion 
will not be possible. 


The most common resenoir rocks are sandstones, 'ivith linlesK,nt^ 
and dolomites second. Conglomerates yield oil in a fe\c fields In 
i^e instances, oil is obtained from a zone of weathering las ities it 
the top of ordinarily impenious igneous or metaniorplue r,K ks 
R^rvoir rocks are not everpvhere filled with oil: in tact tl.es 
usually contain many times more water than oil. But here and there 
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il may be “trapped” in a relatively mmll pan 

and the drilling of a well at sucli a place may 

ker% of a new oil (or gas) field. Trapping of oQ aid gm 

ly to mov ements of the earth's crust; tliexefine. 

is phase will be postponed until Ghapto- 11. in which 
n is 
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le United States produces more crude oil than the tiial t|« oiy 
I the ocher countries. The proportion of world oO aw«maHy 
need by the United States ranges be twe en 60 and 70 per gewr. 
greater part of the total domestic pvoductkHi has mnae ff wn m 
states: Texas* Calitoniia, and OkJahomau 


CHAPTER 10 


Vulcanism and Igneous Rocks 


Vulcan, in roman mythology, was tuf 
godol Sre. Vulcanism is the name that has been applieci In 
to all manifestations of heat within the earth. It in< hides ni*i *>ni\ 
volcanoes, which are confined to the surface of the earth, and th< 
hot liquid rock which solidifies l>eIow the earth s surface, hut a!v» 
the many by-products of this activity, includin;^ some of our ^eatt-st 
deposits of valuable minerals. 

Magmas. Igneous rocks are formed through the i on 
solidation (freezing) of a magma. A magma is a \er\ hot ot 


rock 


II 


laterials. \\Tien its 


temperature is lowered. 


the Mirious riis 


sohed compounds separate out as solids, and these solids arc iiiinei 
als. In rare instances the chilling is so sudden that no sep.iratirm 
takes place, and the magma freezes into a natural rock g/.x > siu h as 
the obsidian of Yellowstone Park. 


Magmas move from the interior of the earth toward the sin fan 

During the upward movement the magma is cwled hs loniait wnh 

rocks of lower temperature, and. eventualh. solidifuati .n lakis 

place. Sometimes the magma reaches the surface fieforc it fiee/ss m 

svbich case we call it a laia. Inasmuch as the temperatiircN at the 

earths surface are far below t!.e temperatures at which a mainiii 

can remain in liquid form, most lavas sialidifv liefo.c thev tiasd 
any great distance. 

Magmas vary considerablv in compcasition. The most * omm, mm ^ 
mas are chemically similar to the crust of the earth, lons.stm M 
about three-fourths o.xvgen and silicon and nearlv one four,i. '.'u 
minum. iron, calcium, vrdium. potassium, and magru-sunn fro,. . 
chemcal standpoint a magma is liest devrified as ,i rc.mi.Ux 
^5iWs. In addition to silicates, magmas alva contain a numhe, 
elements and compounds which are called fugttn e bcausc thex 
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I to escape while the magma is undergoing an i TfThe 
t abundant of these fugitive substances is water. Other 
chlorine, fluorine, carbon dioxide, sulphur, and a hort of 
lents and comjxjunds. Many of these substances are 
t at magma temperatures), but these g^ases are dissolved widbra 
magma by the pressure that exists beneath the surhice. However, 
n a magma approaches the surface, the pressure diminmAgwf ami 
gases tend to escape. A familiar analogy is soda water, whuJi is 
;r with carbon dioxide, a gas, held in solution by pressure. Whm 
bottle cap is removed the pressure is released and the soda wsuer 
bles, or effer\ esces, in the escape of the carbon dioxide. Lava at 
surface bubbles (giving the impression of boiling^ in the same 
mer. Scientists have trapped and aSaalyzed the gases given by 


'ntil a few years ^o it was believed that the earth consisted (rf a 
1 rock shell overlying a liquid interior. According to this theory, 
tlcano occurred w-here a crack in the earth tapped the subcnmal 
lid. Now we know, howes’er, through evidence that will be dia¬ 
led in Chapter 12, that the interior of the earth is solid down to 
;pth of 1800 to 1900 miles. We also know that this solid lodt is 
in fact the earth temperatures a relatively short distance below 
surface are so high that they would melt the rock if it were un- 


atmospheric pressure only. But melting points of rocks increase 
i increase in pressure, and the pressure exerted by the weig^ of 
rlying rock is more than sufficient to raise the melting pooitt 
ve the rock temj>erature so that fusion is impossible. However, 
le pressure is temporarily released at any point, liqueEacdon of 


rock might take place, producing a magma. 

How igneous rocks are formed. The probable ae- 

nee of events leading from deeply buried, highly heated, adid 
Ls to igneous rocks at or near the surface is as follows: first, 
emenu of the earth’s crust, such as take place on a laigp scale 
n mountain building forces are at work, cause a release of pres- 
• on a body of deep-seated material. Liquefaction occurs and the 
Tna moves upward. One reason for this upward movement is die 
eezing effect of the neighboring rock where the pressure has not 
u released. A second possible reason is the tendency of the 
t e constituents of the magma to escape, carrying along a pMt «f 
maoma as they do so. This process is analagous to the fbam^ 
.. hnttle of soda water or beer. The final step is the 
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solidification of the magina, forming igneous rock. As the inagm i 
moves upward^ successively cooler temperatures are ciuouiueivd 
which may cause consolidation before the surface is reai lied. In tlu-^ 
case the magma is called an intrusion, and the resulting igncMus r*H k 
is called intrusive rock. A magma which reaches the surtaie and 
flows out as a lava is called an extrusion, and the resulting igneous 
rock is called extrusive rock. 

Igneous extrusions will be discussed first in the foll(»wing [)ara 
graphs because, owing to their accessibility, we know imi< h iiuh l 
about them. This knowledge has been used in formulatin<g oiu 
ideas about igneous intrusions. 


ICyEOVS EXTRI SIOSS 

There are two types of igneous extrusions: (1 1 fissure eruptions, 
where the lava pours out of a crack in the earth's trust, and (2j 
central eruptions, where a pipe like conduit brings the lava to the 
surface. The latter type of extrusions pnxluces a volcano. 

Fissure eruptions. If lava moving up a crack or fis¬ 
sure reaches the surface, it will pour forth at manv points and 
inundate a large area. Since the dawn of human histors manv \o| 

f 

canoes have been active, but there have been relati\elv feu fissure 

# 

eruptions. However, one series of fissure eruptif)ns nia\ pr<jdut e as 
much lava as many volcanoes. We know of (jreat plateaus tliat have 
been built up by fissure eruptions in the fairlv recent geologit p iM 
Some of these contain hundreds of cubic miles of las a. 

A description of a svitnessed fissure eruption will give s(*me idi t 

as to what takes place. In Iceland in 1783 lava svelled out of a fissure 

20 miles in length for several months. Instead of flowing out like an 

inverted fier> svaterfall, most of the lava poured out from indis idual 

points along the fissure, and over a hundred low craters were formed 

The lava flowed for a distance of 27 miles down a canson like riser 

valley, completely filling it and overflowing onto adj.rcent fields 

Tributary streams were dammed by the lava so that the water h u ktd 

up and flooded many villages. A second lava torrent flowed >8 .„iies 

in a different direction. Lyell, famous British geologist H 7^*7 1^7 

has the following to say about the destructive effect of this fissurJ 
eruption: 

Although the ^pulation of Iceland was very much scattered and 
did not exceed fifty thousand, no less than tssentv v.ll, 

destroyed, besides those inundated by water: and more than mne 



iusand human beings perished, together with an immense nniii- 

of cattle, partly by the depredations of the lava, partly by the 

Clous \apours which impregnated the air, and. in part, by the 

line caused by showers of ashes throughout the island, and the 
ertion of the coasts bv the hsh.! 

e Columbia River plateau of eastern Washington, eastern 
3n, northeastern California, and southern Idaho is a ina« of 
co\'ering tliousands of square miles and in places over a mde 
ickness. The eruptions producing this plateau took place in 
recent geologic time, but before the advent of tn^in Where 
-olurabia and Snake rivers have caived their valleys into the 
lu, many vertical and steeply dipping dikes (lava-filled cracks) 
icposed. These may have been the “^feeders” which supplied the 
to the surface. The Columbia River plateau is built up of 
separate flows. A sufficiently long period of time elapsed be- 
\ some of the eruptions to permit shallow lakes to form on the 
surface in which sediment tvas deposited and various types of 
s grew. Recent erosion has exposed some of these lake beds 
their remains of plant life, including petrified wood, 
le Deccan Plateau of India was likCTvise formed throu^ a great 
; of fissure eruptions. 

l^olcanoes. Earthquakes and volcanoes are two geo- 
al processes that are catastrophic in their behavior. A river takes 
■ centuries to carve out its valley, but an active volcano in a few 
ites or less can blow its cone, which may be a large mo untain , 
eces. 

Icanoes are to be found in many parts of the world, but the 
est number border the Pacific Ocean. Starting at the southern 
f Soutli .America, a line of volcanoes extends north along the 
Tn edge of South and North America. The volcano zone bends 
n\'est\v'ard in Alaska, following the Alaskan Peninsula and its 
nuation, tlie Aleutian Islands, to Asia. The Aleutian I s land s 
olcanoes whose summits rise above sea level. The Asiatic vol- 
extend from Kamchatka, bordering the North Pacific, 
igh tlie many islands in the Japanese chain, to the Dutch E»t 

?s. 

my of the volcanoes which surround the Pacific are dead, some 
aerel) dormant, and a few are active. One can never be pomdve 
her a volcano is dormant or dead. If the volcano has been inac 
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tive for such a time that erosion has in part destr.Acd ih. , 
mav be assumed to be dead. Houever. esen then one cannu, be 
tive. as some of our mo^t destructive eruptlon^ l,a^e been b-. 

the arsakenina of supposedlv dead volcanoe>. Amonu du n,oM l,i 

mous volcanoes todav are Etna, on tlic Island of Si< ih, \I"tu i>e:e. 
on the Island of Martinique in the West Indies, l avsen m ( dito, 
nia. the new Paricutin in Mcvieo fFi«4. 112. and Kihieu.i in II l’■ ,^l 
The Hawaiian Islands are a row of vohanic cones ulii. b i im mUIi 

ciently higli abo\e the sea floor to ntake islands. 

Some of our most heantiful mouiuain^ are extinti m-^.oioo 

Many stand apart from the main mountain ranges and i im n* in j 
jestic heights in solitar\ grandeur. ^.\anlJ>lt‘^ ol thi^ au sh i in 
California. Hood in Oregon, and Rainier in W ashiiutoii. 
volcanoes, such as Mount Fujivama in Japan, au* laniMiu h*i thci’ 
nearlv perfect conical sMnmeti\. The t<»[) ol ;i \ohani» lone has 
until destroved b\ erosion, a Dtiter, a (luiilar depussion with it' 

lowest point at the "throat ’ of the \ohanf>. 

Exblosive I'olcniioes. Xobanoes can be classified in 


II'. .tno( 



Fig. 112. El Paricutin. 200 miles west of Mexico Ciu, tl,, 
31, 1943. By M . F. 


! ‘ I (■: 



, volcanoes, cjuiet volcanoes, and volcanoes 

!• aacrn.uc in character of eruption benceen explosive and 
t. I IOC. kinds ol material are ejected bv an explosive volcano. 
'C lie volcanic ash, and fragmental rock (Fia ns, The 
'•loots of crater vapor, compounds of sulphur, and various other 
leniv A fetv solcanoco base erupted a jas tvhich caused the 
h of people breathin- it. but as a general rule solcanic gas, al- 
i'-th not exactlv pleasant to smell and decidedly injurious to 
lation. does not base a fatal effect upon human beings, i'olcanic 



II.'. Fnij.ti'.n of Nft. M.oon, northern Luzon, Philippine Islands. .An 
,'iic o.h.inu, Midi cone hu.li of fr.r^mental material. Courtesy Keystone 
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ash consists either of ver)- fine particles of natural rock glass for.ncl 
by the sudden chilling of fine drops of lava thrown into ilic an 
during the eruption, or. in the case of very violent explosions ol 
small particles of the volcanic cone itself which was torn asunder 
by tlie mighty force of the explosion. In either case the ash is so fine 
that some of it may be carried many miles by the win<i, as desi rihcd 
in Chapter 3, before falling to the earth’s surface, but ilu : 4 ieatei 
part of the ash falls in the immediate vicinity of the voh ano, some 
times to a sufficient extent to bur> villages and suffocate tlie iiihah 
itants who fail to make Uieir escape. The fragmental ro<ks %ai\ 
greatly in size and shape. The smallest fragments arc called <ni 
ders.” Some of the larger pieces are spherical or pear-shaped and 
are known as “bombs"; others are irregular in shape. Most of the 
fragmental material is black, but pumice is light in color. It is a 
rock glass, like volcanic ash, and is so full of holes formed by est ap 
ing gas that some specimens rvill float on water. The iragmental 
rocks are too heavy to be carried by the wind, so they tra\el no far¬ 
ther than the force of the explosion will take them. .Most of this 
material falls on the flanks of the volcano, and each explosion builds 
it up to a greater size. \'olcanic cones built of a.sh and fiagmental 
rock are known as cinder cones. 


Cinder cones are readily distinguished even at a distant e from 
lava cones. The fragmental material that is ejected piles uj) into a 
cone with fairly steep flanks, whereas lava, being a litpiid, flows out 
ward from die crater for some distance before solidih ing, .ind forms 
a cone w'hich has a diameter many times its height. All of our \nl- 
canic peaks of great height and spectacular appearani e. sik h as 
Fujiyama, Rainier, and Shasta, are cinder cones or combinations of 
cinder and lava cones. 


Probably the best way to learn about volcanic phenomena other 
than actually seeing an eruption is to read the accounts of eve- 
witnesses. The first well-described volcanic eruption was that of 
Vesuvius in 79 a. d. Pliny the Younger witnessed this eruption an<l 
the letters which he wrote to a friend describing the scenes which 
took place and die tragic death of his uncle, Pliny the I Ider, h ive 
been presen ed. 

On the 24 tli of August, the younger Plim, with his mother tnd 
the elder Pliny, observed a cloud of unusual appearance and si/e 
rising from one of the hills which they later determined to be 
Vesuvius. In describing this cloud Pliny savs. It imitated the lofiv 



^ .na me spreading bnuKhes of a pine, for eite the sfoafa 
been sn epl rapidly upward by a recent breeze: 




in 


was then Ig fr 

unsupponed or else it spread out gradually by its own 
»d grew thinner. It changed color, sometimes looking wlrite 
times, when u carried up earth or ashes, dirty and streaked, 
er the cloud was first obsersed. ashes be^ to Ml ora 
csseU commanded by Pliny the Elder. Also there began to 
t from \ esuvius high- and wide-shooting flames, the brfl- 
which was heightened by the darkness of appioachii^ 
my the Elder went ashore and took refuge in a house 
itered with frequent and hea \7 shocks of earthquatf^ 
and his friends spent the night, but because of the great 
5 of ash in the air, tlie next^moming found the vicinity 
ged in darkness. In spite of the dangers of Mling p 
itdoors, Pliny and his compamons decided to leave the 
^ sea would allow them to embark, but the oon- 


t earthquakes made the tb-aves run dangerously hig^. Pliny lay 
n on a rug. and many hours later, when light finally peitottatod 
itmosphere, his body was discovered. He had been suffocated by 
lapors. Meanwhile the younger Pliny and his mother had >ak<»n 
gc across tlie bay where they joined the terror-stricken populace 
retreated before the adsancing clouds of ash-laden atmo^diere. 
nearby toi^n of Pompeii s%as completely buried by the Ml of 
and the citizens of those toMns who Mled to escape were suffio- 
i like tlie older Pliny and subsequendy entombed by the long- 
inued fall of ash. 

reat as this eruption was, it was surpassed but a few decades ago 
he outbreak of Krakatoa. Krakatoa is a small island lying he¬ 




ll the greater islands of Java aiKl Sumatra in the South 
rn the volcano composing this island erupted in 1883, i 
t is undoubtedly the world's greatest explosion in historic tune, 
wo days about one-half of the island either blew away or etd 
fd into an underlying void, so that now the sea is 1,000 feet deep 
re the central part of a mountain formerly stood. Ash was thiovra 
height of 17 miles and was carried completely around the world, 
ing for many months brilliant sunrises and sunsets on all oou- 
ats. Ships 1.600 miles distant were covered with dust three days 
■ the eruption. The noise of the explosion was heard 2,000 mile s 
,. In other words, if a similar eruption were to take place to^ 
le Panama Canal, the noise could be heard in New Yoik CiXf~ 
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It would take the sound over two hours and a half lo cover iluu ch- 
tance. The island of Krakatoa was uninhabited at tl.e tune ol tl., 
eruption, so no lives were lost direcilv, but tl.e shenk pr.Kliu.d 
waves from fiftv to eights feet high which swept the adja.ent shorev 
wiping out over a thousand villages and drowning about . 000 
people. These waves svere so strong tliat a large voscl was ...med a 
mile and a half inland and left stranded there at an eles.Uion ol 


thirtv feet abose sea lesel. 

A most terrible disaster took place in 1902 on the Frcndi .Ni .n.l 

1 


t ; I k i. 


of ^^aniniquc in ilie West Indies. The voUano of Moiu 
which had been mildlv active for some davs. suddenlv beli lud loiili 


a great cloud of gaseous vaj^nir which was hut as to be iiuaiult s* 
cent. The gas was heavier than the air. so it ran as a gieat dcsasiat- 
inff torrent down one flank of the \oUano through ilic (it\ (»i St. 

O 

Pierre, at tliat time the leading sea(K)rt on the island, and *nu to sea. 
The citv was at once destro\cd. Xliose inhal>itaius that were n*>i 

j 

burned to death Avere sufffxated bv ii»e vajAors. K\en the ships an 
chored in die harbor were not s;de. All but one vessed was destiosed, 
and everyone on f>oard perished. The loss of life which UM»k plate 
in but a fesv seconds time has been estimated at 10.(XK). 

A more violent but less disastrous expU^sitm was the eruption t>f 
Katmai, a volcano on the Alaskan peninsula, in 1011!. This erup 
tion took place in a region that was \er\ thinlv jx>piilatt <1. The 
nearest settlement of anv size wxs on the island of kociiak. aUmt 

4 

100 miles distant. The people Using on this island were in total 
darkness for sixty hours, and the fall of ash was great enougli tn 
collapse some of the roofs. The sound of this e\ph»sion tamed .dxnu 
750 miles. Large amounts of sulphunuis sajxjrs were alsti cvpelletl 
into the air during the eruption, and subseejuent rains t illing on 
the North Pacific coast became so acidic that clothes han 'iivj out 
doors were destros ed. 


“Quiet" volcanoes. Much less S|x?ciacular but a ImU 
more pleasant to have as a neighbor is the cjuici type of \m 1, in,, 
Such a volcano produces lava and gas. but little or no ash and fug 
menul material. .\s stated before, tiie cone pUHluced bs a ipim \.,l 
cano has very gentle slopes. It is built up through the vdidifi, aii.,n 
of successive outpourings of lava. Orater rims aie tuner exauls level 
unlike the top of a Ixtwl, so the lava does not jxuir out as w net Utils 
out of a pan on the stove. Instead the lava escapes thmugh the low 
est point in the crater rim and flows down one side of the \oh am, 



>• I'-u. „MU 1 U When th. II,,U s..|„|,|,„ a p.,nulK 6IU 

"* " 'I'" 'Im .ax. fl.m ,„.n have uj bnd 

!iO ,.u..a ol cv.ijx. In tins u.n su,,csmv<- 1 ..x., fl.mi Unit 

lid the nid .end laiild n up xMjmatii, .ilU, As j mat 

t ha t. in a great tnain \.,Uan.>e» ,.nK a relati\el\ ntiall aiiiouni 

le la\a floas otn tlie (later: the remainder hrcals thrrmgh 

.one at lovxei elexatmiu and th.as down the Hanks as though 

I a spring, someiiines flouing some distante besond the baic of 

one il ig. 114.. The lava .is it emerges is filled with disviUed 

ivhieli. through the release of pressure, est apes w itfi considerable 

•nee. and whips the smfate of the lava into a froth. In mans in- 

es -solidifuation is so rapid that the froths sitifate of the lava 

eals in that condition. Siit h lasa is tailed vrsiiular or scoria- 

'. .Mosement of the still litpiid underlsing lasa mas cause the 

lining of the solidified surfate ol the Host i Kig. ll 'n. 

Th3ps oiir best kn(.)\vn exuiiiples o( the (jiiiet tNj>c \ol('ano 

Vlauna Li)a and Kilauea in the Hawaiian Islands. 1 he United 

s Government has mainrained a vnirann r^n th^ 



ig. 114. Tongue of congealed lava exiencling down valley. Near Oants. 
Mexico. permission of FairchiM Aerial Surt'eys. Inc., L. A. 
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rim of Kilauea for a number of years. These \ ui( anues end a peri'n: 
of dormancy' with a number of mild explosions \\ hich take j>laLc in 
the crater and which cause local earthquakes. The explosion^ arc 
accompanied by occasional overflow of lava. Other Ixxlies of lava 
break through tiie cone and flow down the gentle flanks toward the 
sea. Sometimes the lava reaches the island coast before >olidit\ing 
and drops over the wave<ut cliffs into the ocean. One verv intcrcNr 
ing phenomenon of these flows is the formation of tunnels wiiliin 
the lava. A tongue of lava cools and solidifies first on its bottom and 
top surfaces, where it is in contact with cooler rock and with the 
air. WTiere the slope is sufficient, the still-liquid lava in the core of 
the flow may drain on out, leaving a tunnel. 


-Volcanoes do not pour their rivers of lava down the luckless 
countryside in a ciear hell-broth that runs like water over Niagara 
to w'aste forests and plantations with flame. “No thin broth, but a 
very thick porridge," was the simile used by Dr. T. A. Jaggar. vol¬ 
canologist who lives in a house on the ed^e of Kilauea's cratc-r. Rive 
of lava do not run; they creep. A mile a dav was the speed of tli* 

lava flow that threatened the town of Hilo some time ago and had 
to be stopped by airplane bombs. 


The forward creep of one of these streams of thick lava is an im¬ 
pressive and very strange thing to watch. A> it [tlic lava ) is extrud* d 
from the volcano—usually from a crack on its side rather than tiorn 
the crater-it oozes forth in one big stream. 1 his bn aks np un., a 
la^ number of smaller streams that flow in close rank> side b\ vaU 
like a hank of rope. This ropy type of lava is called bv a name tfiat 
on^ted in Hawaii, pahoehoe [Fig. 116). As eaeli streamlet of the 
pahoehoe pushes itself forward, it roofs itself over with a thiek. >oiid 
CTu^ SO that the entire stream tomes to flow in a iimnel of its cami 
making. Even the forward end of the lava is covered with a thm 
crust or membrane, whicli it consUntlv breaks through and as con 

suntly re-forms The moving tip of a pahoehoe streankt Dr. 
likened to an elephant's toe. 

stated that the stopping of the recent flow that menaced 
HUo was not a military man's idea, nor vet his own inspiration V 

nly find the lava tunnels much more easilv in tt i t 

bu. c^d a..ack .h«„ „„„ .fccuvelyXnl: ti.tr,, 


-Tbonc, Frank, •‘The Flow of i x •• c 

me noH of Law. supplemeno . M 
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Loa. "With 600-pound bombs of TNT the\ blasted in the ro..fs o. 
the tunnels. This permitted the escape of the gases that ^eere the 
principal source of heat for the lava. A\ ith their power suppiv thus 
cut off the streams were stopped at their source. 

Alternating type of volcano. The alternatine tvpe of 

volcano produces gas and both lava and fragmental material Fig. 
117). A period of quiescence is followed bv a \ioleni explMsion. 
which produces the ^ame tvpe of material that is charat tei isne of 
cinder cones. As the explosive violence dies down, more and more 
lava is ejected, Eventuallv the lava flows cease and anotlier period 
of quiescence follows. This cycle has been repeated a aneat nian\ 
times in some volcanoes. 

Mount Mazama in Oregon is a good example of the alternating 
type of volcano, although toward the end of its eruptive histon it 
passed through some unusual chapters. This mountain was orii^i- 
nally built up by a long series of alternating explosive and lava flow 
phases. According to one theorv. the great amount of material, both 
fragmental and liquid, that was ejected from die volcano left an 



Fig. 117. \'olcano erupting lava throuoh dike t.i H-.nl i i 

.hroa, „7 cl Jr'o, ,' 

sive phase alternates with the lava eruption phase hi ‘t . '' 

renUy. By John Jesse Hayes. ^ ^ in>tca<i ,,t o.Aunia_ 
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underlying void which was not refilled from deeper magma re>er 
voirs, so that the entire summit of Mount Mazama collapsed and a 
gigantic crater was created. A second theor\ explains the enormous 
crater as due to a great explosion that blew off the top of Mount Ma¬ 
zama. The collapse or explosion was followed by a relati\elv feeble 
renewal of volcanic activity and several small cinder cones \\ere 
formed on the floor of the large crater. Subsequently this depression 
has become partly filled with water, making the ver\ beautiful 
Crater Lake, one of tlie most interesting, from a geological stand 
point, of the national parks Tig. 118). One of the cinder cones built 
upon the floor of Crater Lake rises above the water le\el 'Wizard 
Island). Alternating beds of lava and fragmental material are beau 

tifully exposed about the walls of the crater between the \cater s 
edge and the rim. 


Eruptive sequence. The following paragraphs give in 
chronological order the typical volcanic stages; 

(1) Lava breaks through the earth's crust to the surface. \'olca 

noes occur along belts of crustal weakness, such as along the bound 

ary between the relatiAely high continental masses and the deep 

ocean basins. Apparently there are also belts of crustal instabilitv 

beneath the ocean floor, as evidenced by the Hauaiian and other 

groups of volcanic islands. The lava may reach the surface cither 

through fissures (fissure flows) or Uirough circular vents .\olcanoes . 

As far as volume of lava is concerned the fissure eruptions arc much 

the more important. However, volcanoes are more prominent un^> 

graphic features, and have been more active in historic time than 
the fissure eruptions. 


(-) The cone IS builL A central eruption produces a number of 
p ucts, including gas, volcanic ash, fragmental material, and i i\ a. 

fragmental material, or la^a 

OT Dotn. 


The lava in the condtiit 

?hreS™ av he ' 



ler fl v. , lit ,Aci the iraicr nm or through the iidr of ihc vo!- 




In < : t in-tiiutx the renex^al a^tivin is maiktxi h\ j sioimt 

I ne entire lop ttl the \<_»lLJinei inu\ Ije bUiv^n awas. a.% 
X t. e case at Krakatcej and Katmai. Ii<»ih e<iaiM:‘ ira^mmial nui- 
lal and \*»UanK ash are blown into the air in ^Teal atiundamr. 
lere maN or niav n«>t be la\ a floss s acconipansin^ this i\pc »»( crup- 
n. 


i5 New cones mav be formed. In certain instances renewal of 
:i\it\ iias been acc(»nij>anied bv the building <»f a new cone or 
nes on the remnants of the old. \'esuvius is a relaii\el\ new vol- 
no built up>n the remnants of a verv much older one. The \oKa- 
es on the flwr ot Crater Lake belong in this stage of the sequence. 

o The solcano expires. This static mav l>e marked bv pon- 
aeous aciiviiv. Furnaroles 'gas vents . hot springs, and gessers mav 
isi for a relativelv short period of time. The fumaroles form min- 
als bv caseous sublimation on the crater walls: the hot springs arxi 
vsers dep'wit about the vent mineral matter w hich svas in solution. 

7 Erosion begins- The cones of volc'anoes are subject to the 
me attack bv tlie atmosphere and running water as are other rocks 
iposed at die earth s surface fFig. 119 . In time diese agents of 
osion svill compleielv destrov a volcano, leasing only a neck of 

neous rock to mark die site. 

J'olcanic islands. A’olcanism beneath the sea has pro- 

jced cones schich in manv places rLse abo\c die surface of the 
ater. Such volcanic islands occur mainlv. but not exclusively, in 
le Pacihe. The Hawaiian Islands are a group of volcanoes which 
art up^ca^d from die ocean floor 13,000 to 18,000 feet below the 
aier s surface. The highest of these volcanoes. Mauna Kca. is one 
? die great mountains of the world, v%dth a toul height of approxi- 

lateiv }2.000 feet, of which nearlv 14.000 feet is abo\c w^icr. 

Mineral deposits. Minerals occurring in volcanic fu- 

larolic sublimates are of more scientific interest than practical im- 
artance. There is no opportunity for mineral deposition during 
le expio^i' e stage of a volcano, but as acmits decreases in \aolcncc 
le escaping fumes mav come into contaa with the of the 

rater and there deposit t^rious compounds. Metallic minerals do 
ot occur in commercial quantities in such enWronments. Hornets, 
.me of the volcanoes of Mexico and South .\menca (especially 
hile have yielded commercial supplies of sulphur. Such non- 
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metallic compounds as nitrates, borates. <uul \ari<Mis s.ilts nia\ 'k- lii 
in this environment. 

Volcanoes and man. Although pre\i()iis pa-^cs <»t tins 
chapter have contained dcs< riptions ot some ol the di \ ,tN(.(tinv» et 
fects of volcanic eruptions. \()lcanism actualK beiiehiN ni.uikitid. 
Volcanic soils are noted for their fertility: the lush ian<>n nl 
such volcanic regions as the Hawaiian Islands, wesit i u ( .uau iuala. 
and El Salvador testih' to this hu t. Furthermore, soils in an-a^ ol iii 
termittent volcanism are sul)je< t to [)e! iodi( i ejux mai i< m. ( a ops 
beino: 9TOwn on the flanks of a dormant vohano ma\ be de^imsefl 

O O 

by a new eruption, but the finer ejettmema blown o\er the sur 
rounding countryside enrich the soil. The mere height the vol 
canic cones, especiallv in the tiopits. benefits the peoj)le. for the 
higher altitudes supply diflerent (limati( /ones in whi(li a wide 
diversity of agricultural prodiu ts tan be raised, Fhe su]>eiior ( har- 
acter of volcanic regions, from a land-use stamljjoini. is shown l)\ 
by the island of Java with its 32 active \olcan(jes. The [)opulation 





stream undergoing attack by agents of erosion lnn„n,-o nr 

Mexicali. By permission Spence An Photos. ' 


Ideologic rrocesses 

V of Java is over 850 people per square mile, the 
. and it is based upon an agricultural economy.^ 
least one instance of successful prevention of hitherto d 
olcanic activity (in addition to the bombing method 
described) is on record: 




The t\pe of mud flow to which attention will now be directed is 
characteristic of the volcanic activity at the Rloet in Java. 
erable fumarolic activity’ is present in this volcano, as shown by de 
roding of the w-ater in its crater lake. In 1919 an «‘v pl«wAr»ii of 
frightful intensity carried over the rim of the crato- a large prathm 
of the water which flowed fiovm the rhanneU on the 
The resulting mud flow rapidly engulfed a large area and tilleH 
over 5000 people. The Dutch authorities have now pierced iIm* viri' 
canic edifice w ith a tunnel and maintain the lake quite low so tha* 
the subsequent and expected oupdon will carry only a rdalndly 
small amount of water over the top of the crato'.* 


Regions of current and recent volcanism are of such interest that 
ley are visited by thousands of people annually. Tlie United Srates 
^vemment. for example, has set aside several volcanic areas, snch 
» Mauna Loa and vicinity in Hawaii, Mount Lassen in Califrimi a, 
Crater Lake in Oregcm, Mount Capulin in New Mexico, and die 
iraters of the Moon in Idaho, as nadonal parks or monmneBts be- 
luse of their educational and recreatimial values. 


IGNEOUS DfTRVSKJNS 

Extrusions of magma have been witnessed, but it is obvioosiy isae 
ossible to witness an intrusion. The rock, which lies between die 
of the intrusion and the surface is known as die cover. TUs 
yvcT ma y be several miles in thickness, or it may, in extreme casm, 
e but a few feet thick. Intrusive rocks are not oqiased ood Ae 
mres of erosion (rock decay, wind, running water, and fawc 
ripped the ^er. Of course, by the rime the cover has been w- 
loved the magma has been solid for a long, l<mg time . These me 
ithout doubt many igneous intrusions wfakli have mit yet been e*- 
osed by erosion, and in all probability some intnisians have been 
ompletely removed by deep erosion. To the geologist the emfhs 
«face is not stable; it is constanUy undergoing change, snal die 
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rocks which are exposed at one time differ fruni ilto’sc exp^x^i i* 
another. 

The co\'eT which separates the igneous intrusion from the sort t. 
acts as a blanket so that the magma cools more slo^^h tiuin d<iN 1 i 
at the surface. The length of time which it takes a maiin i m < I^^la!- 
lize has a decided effect upon the si^e of tlie crystals or v ' ol the 
resultant igneous rock. Slow cooling, such as takes pla* t. in lai .c 
igneous intrusions, permits the formation of mineral ur uun ‘d \ 
size. Extruded magma cools so rapidlv that the lava either >M!i.ihu > 
as a glass or forms a rock composed of mineral grains of initrov * -jiii 
size. Of course a ver\ thin intrusion mav be chilled bv the evur r . 
(pre-existent) rock to such an extent that it assumes fine-grained 
texture similar to that of an extrusi\ e rock. 

Batholiths, The largest of the igneous intrusions arc 
kno^\-n as hatholiths. Some are se\eral hundreds of irii!e> in lengt’c 
Batholiths are so large that thev are never sufficienclv e\[>osed t>> jn r 
mit measurement of all tltrec dimensions. In (onseriuen(.e there is 
some doubt as to their true shape. We know that most batlioliths ait 
much longer than they are Avide and that manv of them extend d*»A‘. n 
to unknoAsm depths. The typical batholith appears to enlarge dov. n 
w-ard, so that the deeper it has been exposed bv erosinn t!ie gii .itt r 

^tf). '\ b e upper surface is uneven, contain 
ing protuberances which are knovsn as cufjolas and depressions ion 
taining roof pendants of counm rock (Fig. 120.. 

The Front Range of the Colorado Rixkies <ontain> a seric' ' t 
elongate north-south batholiths. .\mono these is the Pike s Pt ik 
batholith, a mass of granitic rock which includes not onl\ Pike > Pc .k 
but also the surrounding mountainous area. A large baTiioluli m 
curs in the Butte district of .Montana, and another underlies ^lo^; 
of central Idaho. The Sierra Nevada and Cascade ranges (ontain . 
large number of batholiths. New England and the y.uthern \npa 
lachi^ also have this same npe of igneous intrusion. In fut 
practically all granite occurs within a batholitli. 

\ou may wonder what happens to the nxk that is in the ^^ av . ,| 

ogists differ t>i\ tui- 

point. Some believe that the batholithic magnna as it nioc-s 
pushes up and to one side the preexistent nxks uhii ti .,ic in 
lyay, compressing and crumpling them at the yime ti.ru. ()nc v .n , 
limes finds that the counm rock adjacent to bath.rl.ths is , 

compressed and folded, but it is not alwavs easv to prove th.u rl. 
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ce of the batholithic intrusion was responsible. Other geologists 
lie\e that tlie vers hot magma moves upward by engulfing and 
)sequenth dissolving large quantities of the rock in its path. The 
sence of partialh dissohed fragments of roof rock svithin granite 
iholiths is cited to support diis theorv. 

Contact metamorphism. As a magma cools, the vari- 
s silicates which are dissolved svithin it crystallize until eventually 
; bathohth becomes a solid mass of rock. The water and other 
ptise elements which srere present in the original magma do not 
pear in anv abundance as components of the minerals produced by 
• crsstallization. but escape from the magma during consolidation, 
ne enter the wall rock, causing metamorphism of that rock. Meta- 
•rphism means literallv change of form. ” Where caused by a 
iipna it is called contact metamorphism, because the changes uke 
ice adjatem to the contact between the magma and the country 
k. One result of conuct metamorphism is the formation of new 



Fig. 120. Baiholith intruded into sedimentary rock crust After magma 
tied and solidihttl. erosion stripped off most of the original cover. Roof 
idant in tmter. cupola to right. Dike on left continues as dike through sedi- 
ntafv layirs whereas dike on right becomes sill in sediments. Xenolithic 
om nts .iround Ixmlcrs. The area pictured is approximately 20 miles wide. 

John Jrssr fftiyrs 
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minerals in the cuuntrs nxk thiDUgli the dcp<»inMii nt 
materials- New minerals are al>o tijrincd the t -iahinati 

of fuo'icive elements \eith elements and *.<>mi><uind> ahead*. [iia>ei 
A third effect is a mere reciAStalli/atiun ot tlie mnu i i ^ alu.i 
present in the countrs rfxk. Practicallv ail igneuu> int: UNr ai" j 
surrounded bv a /one ol altered r<K.k. Around a snuit! .i., iitn 
sive bodv. this contact mctanujrpliic /one ina\ be oui'v i li -n 
an inch thick: adjacent to a large deepU buried Icith-ei:.! i: v.i 
exceed a halt mile. 

In some instances the fu-aitives. ahm-a v. ith a («>n>idc i ihh 
of not vet solidified ma-ama. cemsolidate into se[)ancr iiu.u. 
shaped mineral deposits ktio\'.n as f'f ^uLtiUtt >. Pe4mitiu> avc iAi\A< 



Fig. 121. \erric.tl dikes tutting nt jr .riy.»r 
sandstone !aver>. Alanullo Cre^k. Mtxu-. 

A. H. Union. CouruA\ (.-oIo^uaI S.'i-, ( 
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vn.mui jHissit.le <mirsc wliirh the lugitive Hcmcnu mjv fotkm 
to tMa|)f iiiifateuard tliroiigh <ratks in the rarth't trust. In thb 
»e the hisitive material consists nt*>stls of water and is called a 
dtothernuil (hot water) sululion. As these solutions nune ujnrard 

tv encounter lower temperatures and various minerals precipiutc, 
'ining a hsdrotliermnl vein. 


Othei types uf intrusiott. A stink is an igneous intrusion 
iiilar to a batholith, but smaller. Some of the igneous rock bodirt 
lich are called stocks may be cupolas of batheyliths, and when cro- 
n has removed the balance of die cover the entire surface of the 
iholith may become exposed. 

A dike is a wall-like bexly of igneous rexk (Fig. 121). It has a 
finite thickness, from a fraction of an incli to over a mile in ex- 
ytional cases. The length of a dike is much greater than its thick- 
ss (one dike is over a hundred miles in length). The third dimen- 
>n. its depth, is usually unknown. Dikes may cxcupy any position 
tween vertical and horizontal. \'ertical and steeply dipping dikes, 
lere harder than the surrounding rock, make prominent ridges at 
° surface. Dikes of this type radiate from the Spanisli Peaks in Colo- 



ie Igneous sill. Drumadoon. Island of .Arran, located in M irf 

fe Sc^l md. Overlving rock beneath vshich sill was intruded ha, 

ed bv erosion: underlying conformable sedimenu vuible at 

■ e • _- Courtesy Gcoioeicai Survey &um 


useurn, Lof^don, 
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rado (Fig. 39). In some localities the dike ouk i'* smIici iImji t 
intruded rock, in Avhich case it x\ill erode la^le! and pi'nliuc 
trench. The only qualification other than shajje \s ltiih t dike nu 
meet is that where it intrudes hnered ro( k it imisi . m i 

layers. A flat body of igneous roc k that is intruded bt p.-. ( t n l.i\( 
or bands is called a s/// fFig 122). Sills likewise nia\ oc(u;e. iir, ik- 
tion between hori/ontai and vertical, depending emiit np-.n i! 
dip of the layered roc k. Most sills are ljut a lew leei in tinJvin " 
in exceptional instances the\ exceed a ihoiisand leei. 

An igneous intrusion tliat lies between rock la\cis. bni c. hi. 
has a mushroom shape so tiiat tlie o\erl\ing lavcis au aithcci 
QzWeddi laccolith (Fig. 12.i).The Menr\ Mouni:un>ol souiiic in I i. 
contain laccoliths that ha\e l)een uncovered b\ e!i'si**n. Srvci 

dome-like occurrences of stratified daveied roi k in the bl.n k lid 
of South Dakota are thought tc^ be underlain in hucoiiilni inn 
sions. 

The la\a which builds a volcano comes up thr^mgli ihi t.nd 



Fig. 123. Stock anil l.atioliih, 1 In anlini- il,, 
temuc of the lacrohth. The dratvin;,. cove, an an,. 

lOrlH 
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rocesses 


it in a pipe-like conduit known as a volcanic neck or plug (Figs, 
and 125). When the volcanic activity ceases the magma Elling 
neck solidifies. Although it was on its way to become extrusive 
; this igneous material is intrusive in its relationship to the sur- 
nding rock. Erosion may subsequently destroy the entire cone, 
the rock Avithin the neck extends dotvnward to unknown depths 
vidence of a former period of volcanism. 

Mineral deposits. According to modern geologic 
Light, the source of all matter, including the atmosphere sur- 



Fig. 124. The Rock and Spindle, 
St. Andrews, Fife. Vertical mass 
(the *‘Rock”) is volcanic neck. 
*‘Spindle” or spinning wheel is 
radial mass of columnar basalt 
which apparently resulted from the 
injection of lava into cavity open¬ 
ing off volcanic chimney. Courtesy 
Gfohgica! Survey and Museum, 
London, 


nding the earth, the water lying upon the earth, and the rock 
iposing the earth, is the magma. Naturally, therefore, the magma 
Iso considered to be the primary source of ore minerals. Evidence 
this theorv has been found by many individuals and in many 
,lilies. Scientists have collected and analyzed samples of the gases 
«n off by volcanoes. Such gases come directly from the magma 
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and therefore give factual evidence of the couiposition mI rhiv ii'j 

Water vapor is tlie most abundant ionstitueiu ol \m|( uiu u oc ^ 
Some, but not all. of this uater mav be surraic and -rM-ind is an 
that has filtered dounuard and joined the inaama. AK. - j it sc iit lo 
chlorine. flu(.>rine. gaseous oxides of carb^jn and ^u [j*im 
boron, and inan\ other elements and com[>oimtU. 

Coincident ^\ith (‘r foIlo\cin'a the '^reat e\pIo>i(>n tha: !>.<’. o ? 
top off Mount Ratmai in Alaska in 1!U2. a near-tn \ai:' ■■ o< t o; i 
partialb filled ^cith liot igneous ri^k throu'^h ^chich '*tea::i i ' j; ^ 
from a multitude of \ents. Tliis j')lacc uaN named tiu \ t e'. 
Ten Thousand Smokes b\ the liist \isitf»r. S<ienti^t> \oinn_; b;; 
vallev while the steam ua> ^till e^i aping in <'>nNiderai)li ncuniiodt 
found that mineraU. Mtiiu- <*f ichith tontained rneiaN- v. eii lx ni. 
fonned around the \ents ot thcNC l)hoc Mut> luTnaotie^. I lii" i- 
direct evidence of the pre>en( e o| ineialitt elenu nrv ni li 

addition, analvses of igneou> r<Kks nIioiv tin inesenie 'd nuiaU 

i 

In most instances ilie nu tallii minerals ue in \er\ Miiall. but n iricK 
distributed, grains. A mit rt^st e\amiivui«ai Mt main 



cal tti. puM iuo ..( in.n ,.s the Milj.lud.-, |Ar.tr. or as the 

4iu tii( . (oaiiitt in .1 i( u l.KalmtN. cNjXi i.ill> m South Africa 

u.un ,c,uuit(l tiAstals ..} tin ore. lV.inatiie>. rvhith arc fonn«! 

m .■•Miemvaied lesidual ma-,nnatit ' )iiKes. ’ mav contain ores of 

and tun'4>!en and, in n-mt omineti i d amounts, many other me- 
i( niinei iK int Incline c\en ‘>old. 

inalh. there is the elDse relationship found in iwjst districts 
'^een i'^t^eous roiks and ore dcpi)sits. Ore dejK>siis do exist in 
ions where no iorneous rocks are exposed, but sucli cKcurremes 
exceptional. Most of the minin;^ of primars ore minerals takes 
ce in regions of larije-scale igneous activity. 


r IS not meant to be implied that all ore deposits as at present 
istituted are of immediate igTieoiis orittin. Mans ^eat ore fKxlies. 
lading most of the commercial iron deposits, arc srrondary, the 
tals originally deposited through igneous actisitx basing under- 
le subsequent transformations through tlie geologic processes 
ic!i take place at and near the earth’s surface. 


CLASSlFICATIOy OF l\TRl sn E ICyEOl S OHE DEPOSITS 

A. Magmatic dcp<asits 

B. Pegmatites 

C. Hydrothermal deposits 

varsing degree of relationship with the parent magma distin- 
shes each of these three groups. The first type includes ore 
>osits which are found within the source magma, in which case 
relationship between the two is unmistakable. The same is true 
the second type, for pegmatites result from the crystallization of 
cial magma which are derived from larger normal magmas. How- 
r. the source magmas for hydrothermal veins, the most common 
the primary ore deposits, lie at such depths that the relationship 
ween the two is one of inference ratlier tlian of direct obsersa 
1 in most instances. 

^lost economic geologists believe that the metals occurring in 
ns came from a crystallizing m.agma within the earth's crust, and 
t thev sv ere caiTied upward either bv svater likewise given off bv 
ci-y stall iziiiiT m.Tmia. or bv ground water that mixed svith the 
eous emanations and picked up the metallic compK)unds. 

Magmatic deposits. Certain tvpes of ores character 

calls occur svithin sills and other igneous rock bodies. The con- 
ain^^ rcxks consist domin.antlv of dark<olored silicate minerals. 
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Certain iron, titanium, nickel, and chromium ore mineral;, .in 
found in tltis environment. It was originally believed that these 
deposits were due to a process known as gravifatiie differt titiiition, 
which means diat. as a masrma crystallizes, the hea\ v minerals (w hieh 
include tlie oresi sink to tlie bottom, and the lighter minerals rise 
to the top, so that when solidification is complete the nxk exhihits 
a rude “stratification " according to the specific gravitv of ilie com¬ 
ponent minerals. Houever, more detailed studies of these ore bodies 
have demonstrated diat in some cases, at least, the ore minerals 
formed later than the other minerals in tlie rock and so could nut 


have become concentrated bv sinking to die bottom of a sluwK 

t 

cnstallizing magma. But the association of these ore minerals with 

• O C? 

the enclosing rock is so general one must conclude that thev are 
very closely related. 

Diamonds occur almost in\ariablv in dark rfxks coinjxjsed mosth 
of the mineral olivine. The crsstals. alxiut 23 j>en ent of u hie h are 
of gem qualits', are rather indiscTiminatelv scattered throu^di the 
mother rock. The South .\frican diamonds occur in \ ertical pipes, 
circular or elliptical in outline, which range fnmi 30 feet to one-half 
mile in diameter. These pipes are tlie throats or conduits of vol¬ 
canoes that have been completely remoxed bv erosion. The rock in 
the pipe is the lava that congealed when xoltanic actixitx ceased. 
It is dark<olored (“blue ground”) except at and near the surface 
where weathering processes hare transformed it to soft and inco¬ 
herent “yellow ground.” The principal discos cries in recent veils 

have been of rich placer fields. These now xield more diamonds 
annually than do the pip>es. 


Ore minerals are also found scattered through igneous rcKk Ijcnlies 
in most cases in insufficient concentration tc be exploitable. For 
example, certain dark-colored igneous rcxks mav contain scattered 
grains of native platinum which Uirough erosion of the nxk Ix-c omc 
concentrated into workable placer deposiu in the stream Ixds. .Sul 
phides of copper, oxides of iron, and tin ore mav likewise W scat 
tered through igneous rocks in nonxommercial amounts. 

Pegmatites. The normal crystallization of an intru 
sive magma results in the formation of an igneous roc k such as .1 

ite. However, the minerals in the resultant rock do not use all cd the 
elemeim pre^n, ,n the magma, and ih«e that are med mat I,, 
turned ,n the same proportions that existed in il.e original magn,. 
Comequentlv, deep tvithin a crtslalliring hatholiti, ,ri|| |k a ,n„ I, 
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<■ ;;.]> -cd n.,i ,,nh .,1 the d.)minant 
'll li-c n,.uni;i. tuu alv,, .,< ih,,>e elements 

■ u -in.iiMiiN piestnt ind ’,v),i,li. n-u ),axin^ been reino\ed 

' ‘ 1''^ are reiaii\el\ coiKentiaieci, J'liis residua 

’■•■uhMut d'.ubi high]\ arjucuus. berauH- vater is -nt oi tiie 

e-e^ted o .nip. ,unds. The Lrssiallizaiion ot tiie \er^ Huid. residual 

i^na py.sduces a pegmanie .see Fi?. 12G . V,lidihLaii..n mas 

'.e punc in tiie inieru.r ot the batholiih where t!ie residual maznia 

-U.-.u.a.cs. .^ir fracturing of the bailiulitli due uu loniinued c'Mjlm.; 
% 

t')r.<equeni L'>ntr:unon mav peniiu the escape of tlie peainj* 
e di>rani p'.inis before solidihcaiion takes place. 

Fron: a ^'^irinieia ial standpoint, the pe:^ainatites are more impor- 
t: a- - jri.es ^4 non-metals, siuli as feldspar and mita. than oi me- 
o rroncrais. HrAve\er- some commert ial dejysjts of tin and a itw 
:;:n_s:en ore occur in pegmatites. 

crr.ii.tr'iVi'ii rirpo:.iti, Mh)st j)rimar\ rjre deposits 
r r.''G' • 'iheimal in oris'ui. Some c»f these are dj^^tfrinidtiorti, ^^ith 
e ‘-re minerals st altered -vvidelv tlirou^li the encl^asin^ rcxk. Per- 
ps the best examples of this are the so-called "porphyn copper " 
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deposits, as at Bin-l»am Canvon, I’tah. T!ki.‘ r!u • 

copper-containin'4 niiiierals arc disseminated tui'-n-d i ‘ 

of roek. ali of wide h is Beiiv,; reim »\ed l>\ niiniiu I’U- 1-. * np-n 

eoninion oeeiirrence are (udrothermal biu!! vii-' n 'ac 

bodies as the Mother Ia»de ot C:alib»inia. tlie (.-pin! -U : 

Butte and die Lake Su|»eri*ir region, the a^dd anrl .( ' t a 

C'adilleran belt, and tiie taiiK re(entl\ di'^f^tied rn o : -i"' * ! 


' •! t: a 
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the precious metais in Ontaiin aiui ()uef)et tad into tiii'' < . ’ 

tion. 

\"eins ha\e not al\\a\> bte-n tunsidcicd t)f *'1 iuiic-ao n,n 
Such deposits have been miiucl hi'in cariieNt iniu^. and non: i ■ 
scientists ha\e the«ui/ed as t<> Iimw the 'O" \.i:u d>U- and ^ 

f valueless) mineral betanu. (mn cntiated in \t[n>. ()!u- <>1 du l ai i’. 
theories was chat tluse mineraiN pia( ij*itatcd ti'-m a nnoeiNai "i i 
and worked their leav dnwnwaul inr«i t rat and ti^Mnc'^ u ldtli e\ 
tended from the sea tiom into rlie niuUa'oin, r<'tkN t'*i u 
distances. This sonuuhat nai\e cxplanati-ai '.'.a> Mutmhd i.\ -au 
with considerabh niwie st ietudit l<wi( bihind. u. tlu dK'a\ <a 
lateral secretion. An ordin^ to thi^ thei n\. nu tab oia^in iii\ dn 



ti?. 12,. Open tut ropp-r mine. Bm-lu.m C;,,nv,,„ r,,i, 


Spence .{ir Photos. 


iiiuatcd tlncnuhout tlic rocks in tl.e earth's crust are picked up In 
( ulatiuo orouncl uaters and redeposited iu c..ii. eutraied form in 
lu es. 1 lie lateral secreticjiiists were not alile, hou tser. to produi e 
V evidence that tlie rocks within an) reasonahle distance ol the 
n had been leached of any metallic constituents. On tlic contrary, 
appears obvious that the wall roc ks of many veins h.ue been en 
bed b) solutions escaping oittward from the fissure's. 

The concept of mineral deposition by hot solutions which cerme 
from deep seated igneous intrusions was originally evolved by 
French geologist in the middle of the last centurv. The theory 
ined a following in the Ihiited States and other countries earlv in 
: present century and since then has steadily increased in favor. 

there are but fetv primary ore deposits w hich are not considered 
economic geologists to be of hydrothermal (igneous) origin. It 
believed that toward the close of magma crystallization the resi- 
al liquid consists dominantly of water, and that concentrated in 
s water is the greater part of the metalliferous content of the 
ginal magma. Eventually the.se hydrothermal solutions break 
zse and more surfaceward, taking advantage of cracks formed 
rough cooling and contraction, fault fissures, and any other open- 
zs that may be present. As the waters move upward they enter 
les of lower temperatures and pressures. These factors, especially 
; former, cause precipitation of minerals, because the solubility 
most substances decreases with decreased temperature and pres- 
re. Another factor that may cause minerals to precipitate from 
ending hydrothermal waters is the mingling of solutions, such as 
igmatic waters with ground waters, so that chemical reactions 
low which produce insoluble compounds. Hydrothermal solutions 
IV also react w ith minerals in the wall rock so as to produce in- 


uble compounds. For this reason some veins show a noticeable 
ange in mineral content where they pass through different types 
wall rock. Lessened pressure as the surface is approached permits 
e escape of gases in solution in the magmatic waters, and the loss 
these gases diminishes the solv ent power of the waters. 

Because of the rock pressures existing at depth, the cracks through 
licit hydrothermal solutions move surfacew^ard are extremely nar- 
IV. However, the solutions themselves are probably under sufficient 
assure to force the walls apart, thereby making room for additional 
nerals to be precipitated. Furthermore, many veins have been 
dened by a process of replacement (Fig. 128), the upward surging 
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solutions dissolving the wall rock bordering the \cin and dcpM^niitj 
minerals in tlie space thus made available. 

Other avenues ol' iniiiration. besides cracks formed th»(>n'_;li 
ing and contraction, and fissures created by faulting, are (>[)en to the 
hydrothermal solutions, joint cracks tormed In diastrophic .i(ti\it\ 
are abundant, especiallv in tlie upper parts of the eauli s tiiist. 
Buried lavas may be xesidilar at their uj)per surlate, in \\hi(li case 
opportunity is afforded mineralizing solutions to tr.i\ei through 
the sesicles or gas bubble holes. Such channelwavs were utilized l>\ 
solutions depositing native copper in the Lake Superioi (iistiui. 
Both in the Lake Superior district and elsewhere soluiioiis lia\e 
traveled through the pores ol int f)mpletelv (einenied sandstones 
and conglomerates, just as gn)und waters migrate ihrough those 
openings. 

A \'ein is a tabular body with one definite dinu-nsion. its ilii< kness, 
and two indefinite dimensions, lengtii and tlepth. Some \eins are 
less than an inch in thickness, main are se\eral leet from wall to 

y 

wall, and a few are as much as a hundred feet, or more. Fhe thick 
ness of a \ein is C]uite likely to \ary from phtce to place, swelling 
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d pinching nodceablv. and perhaps even lensing or tapoiiy Ml 
ogeiher. This is especially true of replacement veins, wfaewteUhe 
(kness \ aries with the vulnerability of the wall rock. 


3onie veins are typii'ally banded, ihe minerals b eing arrayed iM 
rallel fashion conformable to the vein walb. Veins may 
inches and in some instances the branches rejoin again. A sy 
\eins roughlv p>arallel to each other and occupying a w f yf 
rie is knos^'n as a lode. 


Most veins are steeply dipping or vertical (Fig. 129). A few 
; traceable along die outcrop for many miles, but in man 
?y disappear in a relatively short distance. There is likely to be 
jch more persistence in depth, although the ore values may not 
ntinue downward consistently. 

Cangue minerals usually occur much more abundantly ore 
inerals in veins. In some gold deposits the gold is invu^rie to 
e naked eye and the vein appears to be composed of gangue ooiy. 
ie commonest associates of gold are quartz and pyrite. 
curs in hydrothermal veins as the sulphide, galena. Some miiwf 
ploit veins containing silver-bearing galena and so produce b o th 




Fig. 129. Vertical vein contain¬ 
ing brecciated quam. Empire 
Mine, .Alaska. By W. D. Johnston. 
Courtesy Geolo^al Survey, U. S. 
Department of the Interior, 
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lead and silver. Another associate of galena is sphalerite fzinc ore 
and where both minerals are present lead, zinc, and e^en siUer nia\ 
be marketed. \*eins cuttinij Keweenaw Point of l^ke Superior 
tain native copper and gan^ue. but in most other pans of the world 
copper is combined with sulphur and perhaps iron. Other important 
veins axe those containing tin and tungsten minerals. 

Iron is an exception among metals in that its ore minerals do not 
occur in commercial amounts in veins. More iron is usiiaih. present 
than gold, copper, lead, or zinc in the veins that are exploitetl. hut 
this metal is elsewhere so abundant and consequentlv clieap to it 
it does not pay to extract it from the vein deposits. 

Economic geologists classify ore veins into low. intermediate, and 
high tempierature tspes according to tlie characteristic assemblage of 
minerals formed under different temperature conditions. Thev ha^e 
also been able to identifs different zones in mineralized regions 
because of die varying character of the ore defx>>its at diffetent 
distances from the source magma. This in itself is \er\ strong esi- 
dence in support of the theors' of the igneous oriijin of ore deposits. 


VARIETIES OF IGSEOI S ROCK 

Classification. Rocks of iijnec'us origin differ from 

each other in physical character, texture, and minera! t.<>mp>sition. 

The first two of these propenies depend larijeh up.n tiie einiron 

ment in which the magma consolidated to form igneous r-xk. the 

third upon the chemical composition of the masjma. .\!i i^rteoiLs 

material falls naturally into diree classes, which differ fruin each 

other in phvsical character. These classes are separately discussed 
in the follow'ing paragraphs. 

I nconsohdated ipicous rocks. Included here in the 
fragmental material which is ejected into die air bv solcanoes ! < /- 
Tame as/,, pumicr. cinders, and bombs, all of which were desc ril^d 

e>rbcr m ihe chapter, are examples. The percentage of ijneou, r,. k 
m the orth s crust constsung of unconsolidated material is insi niih 
cant. Thu ta^ „ largely confined in iu occurrence to the ton'es 
^.Kue volcanoes, onlv the ash is ever carried anv „ea. distan, e 

and the material u used for scouring and polishing purp. .ses 
..11. Natural rock ^lats. Magmas are solutions i siuidm 

an a 3r"r“ ... 

» a mhd solution, or glass, is the result. Some unt,..,soh.i;„,| ,, 




?ou5 rocks, such as volcanic ash and pumice, are 
the sudden chilling of magma erupted into the air. In rare caMs^ 
V a poured out onto the earth s surface has cooled so rapidly^a^tt 
has been turned to glass. Commonest of the natural glasses is 
^sidian. a dark rock that transmits light throt^ thin edges. Oli^ 
an occurs in a thick massive body at Obsidian Cliff , Yellowsinae 
acional Park. This material was prized highly by the Asnaiesm 
idian: arrowheads made of Yellot%*5tone obsidian arc foond in 


• ■ 


distant from the Park, 


greatest number 


neons rocks falls into the third group, which inrliiAf all yJjd 
>^stalline rocks. c\*en though the individual crystals ma y be micro- 
opic in size. Texture and mineral composition are used to sid>- 
vide the rocks falling H~ithin this group. Lai'a flows and thin dlfc#^ 
id sills cool so rapidly that the crystals which form 
i size. This texture is known as drme. Rocks wrhich cotd man 
owly ^as in batholiths^ range from fine to coarse in textuie. They 
intain crvstals of visible size, and the min eral content of die rock 
in therefore be determined without recourse to a microscope. Some 
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lagmas move into a new post 
[cncetL and this change in enviremment may cause the not-yct- 
vstallized magma to cool rapidly so that the older and larger crys- 

Is become surrounded bv crvstals of much smaller size. Such a 

• ^ 

stture is called porphyritic, and the rock 

hyry. 

The most abundant mineral in igneous rocks is Eeld^iar. Most of 

le light-colored igneous rocks also contain quartz. These arc said 

\ be acidic in composition. The dark-colored ot basic* rocks cooh 

dn little or no quartz; instead they cmisist dominandy of fdd^poar 

yd black or dark green minerals rich in iron 

olivine. Mka, magnedte, and pyritc 

present in minor amounts in any of these rocks. 

A hishlv simplified chart is given below showii^ the podtiaas 
ur t^rieties of igneous rock. The two most abundant types are 

capital letters. 

It should be noted that rhvolite and granite have the same nrifr 
^Is and. therefore, the same chemical composition. Obviously. Aen, 

chemicallv similar magma produces both rocks; the type 

« 

« The terms "acidic*' awi 

rrjt atK! net to 





Composition 


Texture 



ft 


‘ Consist dominantly of 
I feldspar and quart/ and 
consequently are light in 

I color. 

* 


Consist doininarstiv of 
feldspar and dark-< >iored 
minerals tsuch .iiuut. 
hornblende, anci ‘kh’.mcs. 



BASAL I 
C>abbro 



dent solely upon the rate of cooling. LikcAvise the one magma 
(chemicallv different, however, from the graniic-rh\olite magma* 
will produce either basalt or gabbro. depending ujxan the en\ iron- 
mem at the time of consolidation. .\s a general rule, the dense rocks 
are extrusive in origin, and liie coarse rocks occur in igneous intru¬ 
sions. 

Gradations occur, both vertically and hori/ontallv. in ilie chan. 

4 • 

Between the dense and the coarse rocks are the pirph\ries. .\ rh\o- 
lite porphsTy consists of visible cry stals set in a dense of 

invisible * microscopic) cry stals: a granite porpfnrv contains \ er\ 
large crystals interspersed with smaller, but still visible ciAstals. 

Between the rhvolite-granite and the basalt-rabbro families art 
several other similar rock families. Most of these are tlassilted as 
intermediate, because thev lie between the acidic and basic rocks 

4 

in composition. Complete gradation exists l)eti\een rhsolite. tiic 
intermediate extrusive rocks, and basalt: and Wtueen granite the 
intermediate intrusive rocks, and gabbro. Of minor quantnati\e 
importance, tlie intermediate rcxrks are of great econoniii sign i ft 
cance, for the magmas that prcxiuce them also supplv the Indrother 
mal solutions from which veins of gold, silver, copper, and other 
metals are precipitated. Still more basic than basalt and gabbro are 
ultra-basic rocks. These occur onlv in coarselv msialiim inti usioio 
volcanic equivalents of the ultra-basic rocks are unkiiotMi. \n ex 
ample is peridotite, a dark green or black rock composed l.irgeb of 
the mineral olivine. .Most of the world s diamonds platinum nickel 
and asbestos occur in or associated with peridotite. 

The commonest acidic rock is granite, which is intrusive in ts^M- 
whereas the most abundant basic rock is basalt, a lava This curiou. 



Jen- 


-f,.. Iis cnances tor penetrating throu^ 

ist and flowing out on the surface are much greater than rW 
the highly viscous granite-rhyolite magma. , 

Rhyolite. Rhyolite is a light-colored dense rodL _ ^ 
all of its crystals are of microscopic size; they interlock to £0x1^ 
y tough rock. Because rhyolites grade into rhyolite porph 
tble crystals of feldspar, quartz, and mica may occur 

ough the rock. The greatest thickness of rhyolite flows in__ 

ited States is in Yellowstone Park, and the Grand Canyon p£ ^ 
lowstone River is cut into this rock. 

Granite. The most abundant rock in the contm&is^ 
St of the earth is granite, which occurs mainly in batholiths. 
k consists of a tight granular aggregate of visible crystals of 
I feldspar, with such accessory minerals as mica or homblex^aJbd 
sent in relatively minor amounts. Granites may be whit^ * 
k, red, or green, depending in most cases upon the color of 
Ispar, which is the dominant mineral. Masses of granite are cfr 
ed in many parts of tire world, especially in mountainous reg^QiS% 

I in northeastern North America and northwestern Europe. 
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^ranice is a very popular Duuamg stone and is so used in 
ts of the world. Its greatest use in this country, however, is £ii^ 

* 9 

numental stone. : , 

Basalt. Our great lava flows, such as those 
Columbia Plateau of northwestern United States, are compoiid 
>asalt, a dark-colored, heavy, dense rock; the ingredient 
all of microscopic size in most cases. Basalt occurring at the iqp 
i lava flow may be vesicular or scoriaceous due to the 
olved gas at the time of consolidation. Ordinarily, howe^;% 
lit is exceptionally tough and durable, properties which 
use as a building stone because of the expense of dressing 
f and polishing) it. Basalt (usually under the name “trap 
nished and used for road surfacing and in concrete 

Gabbro. Gabbro is a relatively uncommon 
tons rock. It is as coarse as granite; the crystals of feldqnr, 
olivine, and other minerals which are present but ii^|f||i^ 
Misalt are large enough to be recognizable in gabbro. 

:k or nearly so. is due to the abundance of dark-colcseil 

Tnaonesium minerals in the rock. 
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CHAPTER 11 


Diastrophism and Its Effects 


Dr,\STKOPHI5M INCLUDES AUL MOVEMENTS 

of the earth’s crust. This geologic process has had a dominant role 
in making the continents iiabitable bv mankind. For example, dias¬ 
trophism has helped to create harbors and mountains, and has made 
deposits of coal. oil. salt and otlier mineral products available to us. 
If crustal movements ^cere to cease (a highlv improbable concept?, 
the continents would eventuallv be worn do\%'n to near sea level, 
after which crtack bv the oceans might destrov them altogether. 

Evidences of diastrophism, Phvsiographic evidence 
for diastrophism was given in Chapter 8, where shorelines of emer¬ 
gence and submergence were described. Oilier testimonv for fluctu¬ 
ations of sea level is also available. We know, for example, that 
certain land areas have risen since the daivm of civilization. Docks 


on the island of Crete, which were constructed long asro bv ances¬ 
tors of the present inhabitants, are nois' hi^h and dr\. In some places 
rocks which in former times were submerged and a menace to na\ i 
gation now stand above the sea, even during highest tides. Man\ 
coral reefs, which must have been built beneath the surface of die 
i^-ater. extend well above sea level. Precise measurements made b\ 
competent surv eyors and repeated everv few years show that changes 


have taken place in the elevation of various parts of die world. The 
Scandinavian Peninsula, for example, is rising at the rate of alxuir 
two and one-half feet per ceniuix . 

There is also evidence that some areas are sinking. Buildings whicli 

H-ere obWouslv constructed near the shore, but albove the reach of 

the tides, have in some instances become partialb submerged, lii .a 

few localities roads can be seen running down to the present sliort 

line and on out beneath the water. Recent encroachments of the 
sea have inundated forests. 
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ained along Sordines where the ocean suiface pnmda a 
y erence. sucli movements are by no means conaned to the 
he continents. Earthquakes furnish spectacular pnxrf that 
>hism IS taking place wherever such tremors occur, and no * 
im size IS immune from quakes. Neither are the endem 
trophism restricted to the recent past. We have ample 2 
ii movei^nts far back into the geological past. 
ch t»ere deposited beneath the ocean surface are to be fimaid 
conunents and at all elevations. Diastrophism caused the 
I of these sediments to their present position. Furthemmie;, 
■e than one cycle of submergence, followed by uplift, is involvQit 
umost every instance. Marine sediments may be 
1 strata of continental origin. Each alternation means a mbmer- 
ce. with deposition of sediments in marine wateis, followed ^ 

Tgence and deposition of fresh-water or wind-blown _ 

rre have been countless oscillations durii^ geologic hi^ory whk& 
►ed huge sections of continents to alternate between a wahm** - 
t and emergent condition. 

*ther evidences of diastrophism include the presence of vodka 
ch have been folded and faulted (broken), or which have 
iged (metamorphosed) as a direct or indirect result < 
ement. These and other results of diastrc^hism, mch as eaoA- 
kcs and mou nt a in s, will be discussed in subsequent parts of 




>ter. 




CAVSKS OF DIASTROPHISM 


o one knows for certain why the earth's crust moves* The MEh 
is no doubt initiated beneath the crust, where invesdgatiaa nf 
es is hindered by inaccessibility. Several theories have been ad- 
:ed to explain diastrophism; the moa acceptable of these is dbd 
interior of the earth is shrinking, and movements of 
due to sporadic adjustments of this outer shell over a 
y contracting underlying sphere. The earth may be contiacdteig 
to cooling, for rock material shrinks in volume as its tesE^pent- 
is lowered. One hypothesis of earth’s origin is that our globe wbb 
a great body of gas, which cooled and contracted into a s| 
quid magma. This continued to cool, and the m a gm a 
lifted, producing our planet as it now exists. The escape of 
heat from the interior of the earth would be 
ikagc of the cooling rocks beneath the crust. 
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D ia strophism and Its Effects 

It is believed that the loading of a part of the earth s crust Acith i 
great thickness of sediment will cause that part to sink. At the same 
time the crustal sc'^ments from the surfaces of which tlie sediment 
was removed .vill be made lighter, and will tend to rise. If this is 
true, deltas and other regions of concentrated deposition are nega¬ 
tive (sinking) elements in the earth’s crust, and mountains and high 
plateaus, where erosion is most active, are positi\e (rising elements. 
A subcrustal flo^eage of rock from beneath tlie sinking segments to 
beneatli the rising segments must also be postulated. This theoi'y of 
isostasy (Chapter 7 1 has considerable evidence to support it. Isos- 
tasv can be used to explain some of the vertical mo\ ements of die 
earth’s crust. 

PROCESSES OF DIASTROPHISM 
J'ertical tjiovemcnts. Upward and do^Niitcard move¬ 
ments of |>arts of the earth s crust ha% e been the rule rather dian the 
exception in the geologic past. Evidence for diis has already been 
given; it includes not onlv the alternation of marine and continental 

O 

strata among outcropping sedimentar\’ rocks, but also the elevated 
or depressed character of many shore lines. These vertical move¬ 
ments were probably no more rapid than the movements taking 
place today. A sinking or rising of but two and one-half feet a cen- 
tur\', the rate of movement on the Scandinavian Peninsula at the 
present time, would amount to nearly 5 miles in a million vears, 
and past geologic time involves many millions of vears. 

Large-scale vertical movements, such as those in which whole conti¬ 
nents move up or doi\ n, are caused by the sinking or rising of great 
blocks of the earth's crust. Movement over a much smaller area mav 
be produced by the intrusion of magma into die rocks of the crust, 
or by other movement of magma, as when lava is draivn from a res- 
ers'oir in the crust and extruded upon the surface. E^ en the com¬ 
paction of compressible rocks, as takes place when a clav is con\ eried 
“into a shale, will be accompanied by downward movement (settlin'^i 
of the overlving rocks. 

\ ertical movements are by no means confined to simple up^s aid 
or downward motion, for evidence of tilting is found in manv places 
Some tilting may have been caused by an uplift of tlte crust at one 
ix>int and a depression at another, las in a teeter-totter , hut other 
tilting was no doubt due to different rates of uplift or downsinkin« 
at different points. Elevated shoreline beaches, which ob\ iouslv wetr 
horizontal when formed, are found in some localities to har e a nr. 












. » „y ulc eastern shoreline of the United fw 

hern part of this shoreline u marked by numerous tmn. 

signs of submergence, while the south Atlantic 

harbors and numerous barrier beaches (CSiaptcr 8) which 
acteristic of emergent coasts. 

Ithough no region is immune from diasm^ism. the 

ements have taken place within belu of crusul wcaknem srhidh 
or have been occupied by mounuin chains. One type 
rmation is warping. An area may be dostm-warped into 
i|>-\\arped into a broad dome. Of great importamre in the 
; past have been ser>- elongate down-warps known 
s. Ordinarily these down-warps are of sufficient 
ait the ocean to enter. Streams flowing into submerged 
?s bring in sediment from surrounding land areas wb^ ac* 
ulates in considerable thickness as the gcosyncline continues to 
In this way sedimentary strau thousands of feet thick may be 
isited in water which at no time b very deep, so that the 
nisms (later to become fossils) which are entrapped withki the 
nents are all of a relatively shallow-water type. 

Horizontal movements. Segments of the earth 
move in a horizonul direction as well as vertically. At any 




s acting horizontally may produce comprestiom or 
ling upon whether the segments are beii^ Cns iped 
from each other, ^\^lerever rocks in the earth’s 



subjected to compressive forces they become folded. Folds may 
very small “wrinkles” or. where the compression was 
e pleats in the crust of the earth. In some instances the rodk 
i to hold together during compression and breaks with one 
It sliding up over the other. This is known as faulting. Faulting 
also be produced by tension in the earth’s crust, but in dus 
one segment, instead of overriding tlie other, will slip down cm 
olds and faults will be considered in more detail in the follow* 
section on tlie results of diastrophism. 

ension on a relativelv small scale is created by the cooling 



to 


* 

ion of igneous rock After it consolidates. This c a tisci cfa€ 
crack, producing fissures known as foinis. Joints produced 
•artion. and from other causes, arc also described in the lol- 


ing section. 


'i. 
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Diastrophism and Its Effects 

RESULTS OF DiASTROPHISM 

One result of diastrophism is the changed shoreline prepared by 
either submergence or emergence of coastal areas. Elevated sea c i s 
and beaches, bays, and fiords, and several other shoreline features 
(Chapter 8) are produced by vertical movements of the earth s crust 
along the edges of the continents. Another result of diastrophism, 
mendoned earlier in the chapter, is the presence of sedimentary 
rocks of marine origin above sea level. However, the continental 
masses, or platforms, and the ocean basins have been stable features 
throughout traceable geologic time. Practically no sedimentars rtxk 
which was deposited at abyssal depths is exposed at the surfate. 
Likewise, it is doubtful if any appreciable part of the oceanic basins 
of today ever formed continent masses. The continental platforms 
stand many thousands of feet above the bottoms of the cKean basins 
(but not above sea level). Depressing such a platform a few hundred 
feet would permit the ocean waters to inundate vast portions of the 
continent, but at the same time it would not destroy the relati\ e re¬ 
lationship of the continental mass with respect to the surrounding 
ocean basins. In other words, the seas which encroaclied upon the 
continents owing to diastrophic movements were relativelv shallo^^ 
epicontinental (*'upon the continent’*) rather than abyssal seas. Hud¬ 
son Bay is an epicontinental sea of today, and an uplift of the North 
American continent of a few hundred feet would drain this huge 
bay. 

Other results of diastrophism, such as rock structures, earili 
quakes, mountains, and metamorphism, are discussed separatelv in 
the remaining pages of this chapter. 

ROCK STRUCTURES 

The form and position of a body of rock determines its structure, 
'^ome structures, such as stratification, cross-bedding, and mud 
cracks, are original; they were created before the lithifaction of the 
rock. Other rock structures, such as folds and faults, came into exist¬ 
ence during or after the lithifaction of a sedimentar\ rrxk or the 
consolidation of an igneous rock. Millions of years mav elapse l>e 
tween the time of formation of a rock and the peri<xl of diasir«>- 
phism w'hicli creates structures of this type. The study of the form 
and position of rocks is called structural geology; this braiuh of the 



at the earth s surface. 

Joints. A critical examination of the rocks exposed at 
e suviace reseals a number of features that are caused bVmove- 
cuts of the earth s crust. One such feature to be obsened is jointing 
ig. I .lO i. A joint IS a crack or fissure in the rock svhich forms with- 
it anv displacement, witli respect to each other, of the rocks on the 
iposite sides of tlie crack. An important cause of jointing is the 
nsion (tendency to pull apart) svhich rocks may undergo durin«r 
astrophism. This tension may be relieved by jointing along nu“ 
erous planes perpendicular to tlie direction of force. The settling 
biittle rocks, such as limestones and sandstones, over an uneven 
rface will also create tensions which will cause jointing. Such un- 
en surface may be produced by the <ompaction of an underly ing 
ale which was deposited around and above hills, or which con- 
ins iMthin it lenses (discontinuous beds) of relatively incompres- 
de material, such as sand. ^Vhere buried hills or bodies of sand 
cur, the compaction of the shale will be less, and overlying brittle 
■ds cannot bend o\er these higher points without cracking. The 
brations in the earth’s crust caused by earthquakes are probably 
other important cause of rock jointing. 

Diastrophism also produces compression tvhich may cause the 



Fig. 130. Sheet (near horironial) jointing in granite. Treasure Xfountain. 

innison Cnuniv. Colorado. B\ J. IF. Vandrru'ilt. Courtesy Geological Sur 

■ 

i. l\ S. of ih*' Intcuor. 
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rocks to crack along shear planes. ^\hich are joints incnned 4", ce 
grees to the direction of force. The cooling and cc»ntraction 01 ig¬ 
neous rocks, and die dehvdration and consequent c-'iitraction oj 
sediments, likeicise produce joints. 

Joints are ver\ common in hard brittle rocks. The'. 4'eneraliv 
cxrcur in diree systems of parallel planes, of which i^co are ’vertical, 
or nearly so. and the third horizontal. In manv cases cne vertical 
Joints intersect each other at such angles as to prcxiuce a diamond- 
shaped pattern on die surface. Theoreticalh. fissures can extend 
doAvnivard for a distance of 10 or 12 miles, but increased ri:>ck. pres¬ 
sure t»-ith depth narrows the opening benveen the tcalis of a joint. 
As a matter of fact manv deep mines are dn. in the lotcer levels, be¬ 
cause the fissure walls at those depths are squeezed S'.) ebaseiv ti>zether 
that water does not hat e adequate space in which to flow. 

Joint cracks may be filled with water, with air. or other fluid, or 
with minerals precipitated bv percolating waters. eaLherin .2 debris 
accumulates in these fissures, but in most instances such material is 

not packed sufiicientlv tight to present the mosement of air and 
water through the cracks. 


Jomts are of considerable importance to mankind. The quarrv- 
man both loses and gains bv the presence of tiiese natural rock frac¬ 
tures. If the joints are too clc-se together he c-annot qu.aTTs dimension 
st^; if thev are too far apart his blasting costs mav be exc^sis e. 
Surtee water becomes ground svater bv percolating dosen joint 
cracks and furnishes the entire underground supph' where sand 
^nes and other porous rocks are absent- .Near Canon Cits Cc.i.> 
rado. oil IS obtauied from fissures .jouiis, in shale. Ore ^eins mav 
oc^py joint cracks which originallv extended deep into the earth 
and were utilized as channelways by upward-moving solutions. 

rilriiux of -Wther result of diastrophism is the 

. ne,r.hom<,„u, posidon. Cxcepdom 

one part of the mi« to i-i»^en place, causm, 

by means of strike and dip. ^ auim 

The determination of crWVcs —■ j- - 



v/iiv nn. piaiic ui Liic iiitiiiieu rocR siratuin and 

hi riihvr iliL ]^lane ol the horizontal. These nvo planes tvill inter¬ 
act ainnu a siiaigtu line, as t\ill any two planes that are not parallel. 
1 hi' 'iiaieht line is the strike. Because one of the planes is hori- 
'(■►nial. the stiikc line \ni 11 also be horizontal, so its direction can be 
IcM^^nated in terms ot the points of the compass. We speak of an 
inclined bed as striking east and west, or striking north 47 degrees 
Ae>t. or striking in some other compass direction. If the surface of 
the ground is horizontal, the cross-countiy trend of the outcrop of 
in inclined rock stratum will parallel the strike. The dip is the 
vertical angle between the plane of the dipping rock and the plane 
af the horizontal. The direciion of the dip is at right angles to the 
strike. Vox evciv strike two dip directions are possible, unless the 
strata are vertical. 
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I SI Houb.Kk> m.Kle hv tilted Dakota and voun.^r sandstones east of 
\eu Mexico. Team and t.iukboard at lower left give scale. By .\. H. 
C,un.>. G.olo,ual Miiviv. L - S. Deportment of the Intenor. 













Diastrophism and Its E i 1 r r t < 

The symbol whicii is used on maps to designate the stiike and cli[> 
of rocks is V 37®. The plain line shows by its direction the ^tiike 
of the rocks. The arrow line shows the direction of dijr. and the 
figure gives the degree of dip. 

The investigation of the intlination of rocks is an int ptM 

in searching for oil. coal, and other mineral clejjosiiN. 

Folds. Inclined strata arc usuallv the li^^^^ /<;/ ;. 

There are many types of folds. "Where the stratified rock> ai* - 

upward, the fold is known as an anticliru’ f Fig. A iIm -. d',. ,j ] 

fold is called a syncline. If the stratified rocks are bent in miu- diU' 
tion only, the fold is known as a monocline (Fig. . An inti. lin. 
which is circular in plan like a trench liclniet is c.dled a iOufit . A 
circular syncline is called a basin. Nfost aruii lines and s\ m liiU '. ata 
elliptical, like a canoe. Thev \aiv greativ in magnitude; ^ume arc 
but a few feet across, and in others the dimensions mas be .i m it^a 
of miles (Figs. 04. 1:53. 06. FOand 1;:^,. lar.e lOd. 
superimposed minor folds. Nfanv anticlines and .Muliiie, lie side Ia 
S ide, so tliat the flank of one is also the H.ank the fgher 
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)USI as liable to be a vallev ,as shown nd";': 
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Fiz. 15?- Terrrice fold or monocline. Aeain there is no connection between 
chir.ictvr ot ihx hild and tlu- ov tzranhic form. By John je^se Hayes. 



I . I t in ^!,..rc tlilT. Mo>t aniicline< are much brt?e 

, L'-.;,|.ho„..r,P.h. I-Wca C-al Measures at Saunclers[...t. 
, ■ ^ r,v.<^ y\n^'-uyn, London. 
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j. „ y,, j linicitone and shale. Copi>er Creek. Ala>ka. 

r/--/ - ■ ( sa I S. D-^oi the l^Ucr^or. 
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D i n s t r it /) h i .< m a n /I It s F j ' 

Antic.Iinci aiiel ^mu lines arc iv t ncacs^a]i:\ [;k.' 
tlie earth's siirLuc. In main iiniaiu c< \ a \ ic \- 'u. nr 
■)!: anticiino. and the i ■ h <'IUl i'o{j[j!iu near n.e 
ina%' hum nmuiUviin liduc'. Ordinarily tiu- dias*:- 
(aiises h.>Idin' 4 ' is so >ic)u that tlu- a^eiUN '-t ci'’'i'-n m 
rhe surtac c tairh \reli Mii<-'idie l <'tt v. hile r:ie I' -k; 
■-iare. At anv rate, the time ^ fnldiira t'"‘k piaac 
I lenth' Ir)n ‘4 in im'^r ta^c. ' r-* ( line the •‘hiiu i ari* ai 

rojDO‘4Ta[)iiit elKa t the I'-ldin, itnlr may :\ a\l 
doe> prudlUe tilted and it the Vvill'Mi 

hardness, dittereiuiai ti-'^i'-n \-iIi iitaic (11 : 

rc'Jtion ot folded ro(k'> laii he ]e‘ ''^ii!'cd :!’ nirir. iim nr 

distinctive fo|:K )_;i\tphy . (oinntin, nnahi.! l.-- 


I .tine-I. ! 


' laa-ef' tie 


.N '' . 
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or i> [lie 

re-siNr.uu rock and 
\rr'a*r Air Photos 







duu a UCIIIS arainage pattern. I he trend of the hog- 

ick ndges is approximatelv parallel to the strike of the rock for- 

lations. and the slope of the tap rock of each hogback gives the 
Krai dip (Fig. 139t 

Fdults. Where the diastrophic forces are greater than 
le rocks can withstand bv stretching or compressing, the rocks 
reak and a fauit is produced. A fault diflFers from a joint in that 
le rocks on the two sides of the fracture have suffered relative dis- 
lacement (Fig. 140;. The plane of die fracture is known as the 
\iilt suridce. The outcrop of a fault surface is referred to as the 
\ult line. Ordinarilv fault planes are not vertical but are steeply 
iclined. The rock bordering the fault plane on the upper side is 
died the hanging u all, that on the under side die foot u'all. 

Faults cause segments of the earth s crust to move vertically, later- 
'.ly. or both vertically and laterally. Some faults are caused by ten¬ 
on in the crust of the earth. TTiis stress is relieved by fracturing, 
idi the rocks on one side of the break slipping down with respecrt 
1 those on the other. This is called a normal fault; the hanging 



Fiii. 1 to. Normal fault Hanging wall (left) side has moved dowTi m 
o fo-itwall side. Cliff at upper right is fault-line scarp; stream along fault line 

s a common phenomenon. By John Jesse 
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^ % 

Ud]] dinsu the Luilc plane from ii> t'jrmer 

aie 'iihjt'* Mdnprc^Mrai instead ot :en<i m. i:\ 

Liuhnij: ditlei> in that tlie v<h^s on <-ne side ot i!ie fin;' 

nn tl’i'i'^c ('ll [he otlicr '^ide t!iele^^^ >h(.'rtenin^ Liie dl^t-■-I'l^ 

1*11 ‘ '’'Uc i‘t the tault. This is K.no\'. n .i; 

the han-in- ^^aiI vide ot liie fault mo es up v.-i:;-. 
the to«'t wall Fiii- 1 I ■ C • ‘iri[)rev>ioii or cension in ' 
liLAed vMiuetmiev \o a "el *4 paiailel tauits. ealled a 
stead ot t)\ a sin_*Ie tauh. Aiii'tlicr t\pe 'd Lt-mpound rai 
Msts t»t two parallel tanks tl.e iiuer\r-xk dr- p 

tornun'a what is known as a joo'a *; lr<m rlie CTenu-in 

ft.Ot’A . It the intei'veninu hlon k <»l r-M k is >!io\ed up ■'■■v v 

* 

while the adjaeent r^n k sinks a ^ is [sroiixed Viz- 14: 
The anionnt ot di'i'hut n*. ..>r di>tan*.e between two 














'^1- Reverse fault ,n sehist overlain bv terrace CTavo! 
visible m leu center ot picture. .llDpui;:: 'Itci.'.. ir-co . c. ,a 
in reserve faultin- the itioveineiu h.o p!.i,<,| oi.ia X c •- 
a^ive vounuer nxL uerrace graveU wh„h .Unit> ta. T, 

\\ash.nt;,on. D. C. \ //. D.ufoe. to<u^ G- ■ - ^ ^ 

o* th'’ hxtertnr ^ - 





CCl. 


e- s 1 t.uuLi^ous, xmes 

;; ;; arc luue m,.re than joint cracks, with displace- 

1 a traction t an incls. whereas other faults have displace- 

rV' Movemenu of from 

are ser. common, and in mountainous re^ons manv 

na^e wispla.emcnts of several hundred to seseral thousand 
ec-.^ \ !iere muking cuts across sedimentary rocks it is often possible 
- iuenim Uic strata on opposite sides of the fault surface and to 
measure tne amount of the displacement with considerable accuiacv. 
Fite determination of die lengdi of die fault line mav be difficult 
because ct the presence of soil and alluvium masking die outcrop. 

interp .rung between exposures where necessan. some fault 
inei ; .v.c ucen traced for manv miles. .\n extreme case is the San 
Vr.L.re.L? lauit in California ivhich has been mappied for over 500 
m.c' F;^. 14:'> Mocement along this fault plane caused the earth- 


1 1 . V. 


\ f* 


C.l-5 


Z\ i. c ^ 


.;.iKc ' -I 


i< one ot die few geologic processes diat is preponder 



} ^ H r-: r jr.lkuhef? bl*xk bordered bv downfaulied grabens. Block 





.►iuvv' thh nnd ran^e tojxrsraphv found in paru 

nd ihi Till ' dicvs uhich ottur in ceniral Africa. Bv 








Diastrophism and Its Effects 

antly sudden and in some instances catastrophic, ^\'hen faului:, 
occurs, an earthquake results. Fault planes beha\e a> ^atcL\ \al\c‘, 
in the earth’s crust. When the diastrophic stresses uct to he nunc 
than the rocks can stand, faulting occurs. Moxenicnt inav (Ktiii 
many times on the same fault plane. Geologists relcr to taiiii> as 
bein'3' “dead” when there is no eridence ot anv movement. Oilieis 
are “live”: they have been active in recent times and ([iiirc io-it .illv 
may be expected to he active again. However, faults are >onu thin'_; 
like volcanoes: we can never be absolutely sure when thev have 
ceased to be active. 

The results of faukino: are manv. Some are verv local in n.iture. 
confined to the immediate vicinity of the fault. The rocks adjacent 
to die fault plane may be rubbed together with such pressure that 
they become pulverized and are converted into a scjrt of clay, know n 
as fault gouge. If the rock adjacent to tlie fault is broken into an¬ 
gular fragments instead of being pulverized, a jnult inatiu results. 
The rock along the fault plane may be scratched or grooved during 
the movement. These striations, known as slickeusidoi, are valuable 



Fig. 143. San .\ndreas f.iult p.issing through Indio HilK, Ci.ililoiiM. i 
hne crosses center of picture (lower right of center to upper U it , 

Major mosement along fault plane u.as in horizontal d.rcit.I.n kl, ..... 
of fault moved away from camera, shifting liau at lower nuht to 1, ti ,. . 

inging into saew hills at lower center svhich were origm.dh b,u 1. ,i . 

By permission Spence Air Photos. 


tint 


- All WHICH me 

.-' c.ncnt took place. In the case of stratified rock, the beds next 
' cc.L tault plane nia\ be bent in the direction in which the move- 
ic iii c .uk plate. This is known as drag, and is likewise important in 
I'' c\ idcnct ot tiic direction of nioveincnt. 


Odiei results of faulting are the abrupt truncation of rock layers 
the tault plane and the bringing together of rocks which were 
ot pie\iousIv in ct)ntact. Reverse faulting causes older rocks to 
terhe \uunger. width is contrart to die usual order, and may pre- 
ent some rocks from outcropping aldiough they may be present 
eneath the surface. Normal faults may cause repetition of outcrop- 
tng strata. Lateral mu\ ements on the fault plane, and s ertical move- 
tents in tilted strata where the fault line does not parallel the strike 
t the rocks, cause an of the outcropping rocks. 

1 aulting in some instances has a decided effect on die surface to- 


agrapln. \ ertical men ements prtxiuce cliffs at the surface which 



lii J*r.jniincm f.iuk sc.iq> on .XfacDonald late (near Great Slase 

a," N.'.rtpvs.u Icrritorv, Canada. Earlv Precambrian granite to left has 

,n l,.nli. >i in. that it lies alongside Nfiddle Precambnan sediments. Ro^l 

1 ■- By pernuision Department of Satsonal De- 









' r'' v“6* Aiicsc scarps are relativdy 

vetl f>tcause they are attacked by the forces of erosion and p 

H iluai the surface on the “up ” side of the fault line beconu^ 

M l w itli tlie surface of the ground on the "down” side. However 

icii this IS done, rock of unequal resistance to erosion msf be 

osed on opposite sides of the fault line. The softer lodk wffl be 

roded faster (regardless of whether it was initially on the “up” 

de or the “down" side of the fault), and a cliff will again be fonsed 

long the line of the fault. This t)-pe of scarp, created by diffioen- 

al erosion, is known as a fauUAine scarp (Fig. 145). 

The rock adjacent to a fault plane is in many cases so brakes op 
lat die forces of erosion can excas-ate it with relative ease. A large 
umber of fault lines are occupied by stream valleys. Eccentricities 
i the courses of rivers flowing through faulted regions are b> 
le streams following fault lines over parts of their courses. Some 
iiwn-faulted blocks (grabens) are occupied by rivers or elongate 
ikes. The Rhine River of Germany flows through a grabra valley 
rer part of its course. The depression occupied by the Red Sea is 
gral)en. The below-sea-le\el elesation of Death Valley in Galifiar- 
ia is due to the fact that it too is a graben. 

Faulting has a number of economic effects. The miner, vHae&a 
c is working a coal bed or an ore vein, constantly gets in rannWe ia 
faulted region through running into faults and losing the blUlflr 
*in. He must work out the structural geology in detail bdaie be 
nows in what direction to mine in order to pick up the 
r ore body across the fault. On the other hand, soine fault 
rd zones were used by ore-depositing solutions as channehnfk muM 
. a result are themselves occupied by v’aluable ore deposits. 

Li%e faults present a dbtinct hazard in engineering consmidtjne. 
dam, aqueduct, canal, or other feature built across a fault fiie 
iuld l>c destmycd by a renewal of movemenL Steps taken tofon- 
rni siuh catastrophes are discussed in Chapter 18. 

Fault planes and zones are in many instances used as channcfaty 
rcuiaiing underground waters. Faults can be traced on the snifaoe 
I some districts by the presence of a series of qrrii^ along due fante 

ne. 

I ’nconformities. Strata which are deposited one nptm 
le othei on the sea fkxnr without interruption are said to be owi- 
,rmable. If. howeser, there is a period of emergence between two 
-ritxls of submergence, the contact between the sediments 
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I n.R.aii%. rwiunstcty, 

ropoMion oi (lotruuive eaitlujual.« n xcrv small. For one romm. 
lanv (juako .K^cur in sparscK stilled le^ions or out beneath the 
.1 tl.w.i V. thai even ihoii-rli thes mas l>e siolem in intemiry- they 
IIS nut be desirutiise lo life and projjcrty. Houcscr. bv far the 
re itest number of earilupiakes are so mild thai liule or no damage 
done ev en wlien iliev ixtur in regions of dense population. 

Causes of earthquakes. Volcanic eruptions are often 
receded and insariabls accomjjanied bs' earth tremors, but these 
re seiA local in character. Most of the great quakes have been 
lused bv faulting in the rocks in the earth s crust. Where these 
lult planes reach the surface, roads, fences, and tracks may be offset 
?veral feet, or one side lifted up with respett to the other. Some 
luh lines has e been traced for mam* miles after an earthquake by 
lese jogs and scarps. The displacement cfferis of vertical hiulting 

1 the rocks beneath the ocean are not readilv observable, but the 

0 

uneinent may create huge waves which are capable of causiogcon- 
iderable damage on shore. A great sea wa\e produced by an earth* 
uake near the Aleutian Islands in Alaska in 1946 rolled CQuaior- 



Yi^. 147. Erosional unconformitv. Following deposition of older sedonents 
be re«;on w.is lifted aliove wa level and the surficial rocks woe unevenh 
jroded^ but uere not folded or faulted. Subsequently a second submergence 
Tiitted the deposition of the structurally conformable younger sedimenu. Br 

^ohn Jt'sie Hiiyes. 




Diastrophism and Its h f I f* r t s 




ward tlirough tiu- Patific tausiii- imuli (l.nii.i-r in ilic isl.nid 
archipelagos en route. 

The disturbance caused bv lauiting is naiur.tlK gi<ai(M in liu 
immediate vicinity of the fault plane, l)ut the sho( k tn.!\ iu Mans 
mitted througli the rocks lor great distances ti igs. I IS and I *,j 



Fig. ]48. The collapse of this brick anadr uas (austcl 
Brawley, California. May 20. 10-10. Courtr^y Xontimi /. 
University of California. 
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FifT. 119. The imiiii(i|).,| waiter t.ink ;,t n,,|iM||,. 
California, couldii t take ii win ti ilu l aiih ([ii ik( il. 
By ]. P. Ruicald,,. Jutir. 191(1. f.o/o/, vv I 

A. Hnids nnrl Ilu- V>,h’r,ul\ „! 
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ucttj. mwi oi UlC ICtlW 

ivc volcanoes) occur in belu of crusul instability. One 
earthquake) belt borders the Pacific, including the 
f the two Americas, the Aleutian Islands, the eastern nf 
especially the Island groups) and Antarctica, Another beb 
he Mediterranean and extends eastward through the 
hains of southern Asia. The islands of the Caribbeam ! 
hotter but nevertheless active belt of seismic disturbance. 












roar, dbe 




ucicnyitons oj earinqitaKes. A very vivi 
of what happens when a violent earthquake occurs has 
corded in a book by the late Major C. E. Dutton, from winch dw 
following is quoted; 

Mlien the great earthquake comevJt comes quickly and is tfodclJy 
gone. Its duration is generally a matter of seconds rather thna ef 
minutes, though instances have been in which it lasted from 
to four minutes. Perhaps forty-five seconds would be a lair 
The first sensation is a confused murmuring sound of a 
even weird character. Almost simultaneously loose objects 
tremble and chatter. Sometimes, almost in an instant, 
more gradually, but always quickly, the sound becomes 
chattering becomes a crashing. The rapid quiver grows into i 
violent shaking of increasing amplitude. Everything beneath 
beaten with rapid blows of measureless power. Loose objects begfis 
to fly about; those that are lightly hung break from their 
The shaking increases in violence. The floor b^ns to heave aad 
rock like a boat on the waves. The plastering falls, tlw walls 
the chimneys go crashing down, everything moves, heaves^ 

Huge waves seem to rush under the foundations with the sw 
of a gale. The swing now becomes longer and still mme poweshd. 
The walls crack open. A sudden lurch throws out the front waB htto 
the street, or tears off or shakes down in rubble the whole corner of 
the building. Then comes a longer swaying motion, not like a dnp 
at sea, but more rapid; not alone from side to side, but forwanl 
backward as well, and both motions combined into a wr^gfe 
it seems impossible for anything to withstand. It is thii 
figure-8 motion which is so destructive, rending asumkr the 
est structures as if they were adobe. It is the culmination «l dke 
quake. It settles into a more regular swing of decreasing anqi l iBi J t, 
then suddenly abates and the motions cease. 

Or suppose we are out in the country and the eailhqua^ 

suddenly upon us. The first sensation is the sound. It is 

unlike anything we have ever heard before unless we have 

had a similar experience. It is a strange murmur. Some likea it 
.. _in thr wind, or to fallinsT rain; otbett 
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the distant roar of the surf, others to the iar-otl rumble ot the rail¬ 
way train; others to distant thunder. It grows louder. I he taith 
begins to quiver, then to shake rudely. Soon the ground begins to 
heave. Then it is actuallv seen to be traversed by \isioIe waves 
somewhat like waves at sea. but of less height and moving much 

more swiftlv. The sound becomes a roar. It is difficult to •‘land, and 

* 

at length it becomes impossible to do so. The victim Hin^s f.inisclf 
to the ground to avoid being dashed to it. or he clings to a c<jn- 
venienc sapling, or fcnce-p>st. to avoid being overthrown. I he 
are seen to swav sometimes through large arcs, and are said. dout>t- 
less with exaggeration, to touch the ground with their branches. hr>t 
on one side, then on the other. As the waves rush past, the ground 
on the crests opens in cracks which close again in the trfjughs. A> 
they close, the squeezed-out air blows ouc sand and gravel, and vame- 
times sand and water are spurted high in air. The roar becomes 
appalling. Through its din are heard loud. deep, solemn b*aoms that 
seem like the voice of the Eternal One. speaking out of the depths 
of the universe. Suddenly this storm subsides, the earth comes speed¬ 
ily to rest and ail is over. 


-\nd yet this feeble description suggests but a single instance, or a 
fct\ instances haWng a general similaritv. There aie manv varia¬ 
tions of detail in the incidents of great earthquakes. In some the lull 
vigour of the shock comes , . . with an almost explosive sudden¬ 
ness. People find themselves suddenly thrown to the earth, the 
ground literally knocked from under their feet. Sometimes the roll¬ 
ing waves of soil are absent and the motion is a rude quiver, rapidiv 
sabrating in e\ery direction, twisting, contorting, wrenching the 
ground, as if in a determined effon to shake it into dust, s^amt’times 
most pronounced motion is vertical, as if the earth Ixncath were 
being hammered upward bv a quick repetition of strokcr>.^ 

A number of extremely destructive earthquakes have occurred in 

comparatively recent times. Falling buildings, disastrous fires w tiui. 

are difficult to conquer because the earth movements tear asundei 

the water pipes, and enormous sea-waves ma% exact an appailin-^ 

We and propern- toll. Over 140.000 people were killed or missin' 

^er the Japanese quake of I92.i. Estimates of the propertv dama ge 

range from 2i4 to 5 billion dollars. The main shock came at n-.m 

on September first. During die afternoon there were five sh..k^ 

all of destructive or semi-destructive strength, and on the foii.n.ni 

day ^ree. By the end of the montli no fewer than 1.236 shocks 


iDuuon, C- E. Earthquakes, pp. l‘>-16 \'ev% Vnrl:- r t> n 

Charles. The JafJnL 

phy ic Co., 1931. * * ^ boiidon: rhoa.j 






,-- puiiu, or uic Japanese cariiK»Bd« 

south of Tokyo and Yokohama in Sagami Bay. The 

earth movements took place beneath the waters of the b«^ ilie I# 
Hoor sank 1.312 feet at one point and rose 755 feet less 

miles away. Most of the surrounding shoreline was permaneBtly 
elevated to a maximum height of six and one-half feet. Hera oc¬ 
curred the greatest damage; 95 per cent of the houses in somo oi the 
towns lying along the north shore of Sagami Bay collapsed. 

About three miles to the north of Atami, the prefecture of 
gawa begins, and with it, the area of great destruction. Close to the 
boundary line is the small town of Manazuru, that contained 138 
houses before the earthquake. Of these, 20.9 per cent collapsed, the 
total loss being brought up by fire to 90.0 per cent. Manazuru Poa^ 
the end of an old lava stream from Mount Hakone, runs out ^bout 
21/0 miles into the sea. Here, the sea retreated almost immeifialcly 
after the earthquake. WTiile the land was thus laid bare, water 
spurted up with each shock from numerous places to a of 

se\ eral feet. In a few imnutes, the sea returned. There was no wave. 
The water simply rose very rapidly, but it came in with sudi force 
that large boulders and pine trees were tossed about "like pe« awwl 
straws in a boiling pot.” 

The top of the peninsula was so shaken up that persons w alking 
across it sank up to their knees in soft earth. Potatoes were dmoim 
out of the ground as completely as if they had been dug by hand. 
Large pine and camphor trees were in places buried leaving nady 
the tips of the branches above ground. The wells in this di^rict ace 
lined with earthen tile pipes about 18 inches in diameter, and many 
of these pipes were forced out of the ground and were left standing 
up like ^imneys, some of them about 10 feet high. 

During the rest of September 1 and aU of September 2, after¬ 
shocks occurred so frequently in this district as to be almost oan- 
tinuous. At intervals of about ten minutes, came more severe 
strong enough to throw down people who w'ere walking. The 
seemed to come directly from underneath and were extremely pan¬ 
ful to those standing on rock or hard ground. 

A short distance to the south of Odawara lay the yilla^s of Sut- 
taura and Nebukawa. A hamlet belonging to the former and cen- 
taining more than sixty families was completely buried under a mm 
of rock and sand about one hundred feet in thickness, that feB from 
the neighbouring mountain. Close by, the river Nebukawa flows 
down, a mountain stream that, mixing with the earth bi _ 
by landslips, had formed a mud-flow about 200 yards wide and per¬ 
haps 50 feet in depth. The village of Nebukawa at its numth 
swept by it into the sea. At the moment of the earthquake, a tiiiH 
r...- vf-inomn, Vi^rl Qii-ivr-d af Nebukawa station with more than flOfl 
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passengers. Both station and train vere carried away by the torrents 
and mud-flow to the bottom of Sagami Bay, and not one soul in 
either escaped. 

Of the old town of Odawara, hardly a trace remained. With the 
violent vertical shocks, landslips occurred at many places, bridges 
collapsed, and numerous giant trees were uprooted or snap}>ed in 
two. In the town and neighbourhood, more than 5,500 houses wore 
throtsTi down. The fires, that started in 12 different places, soon 
under the furious gale combined into one great mass of flame that 
covered the whole town and burned more than 2,300 houses in the 
central part. Of 4,835 houses that existed on the morning of Septem¬ 
ber I, only about 264, or 6.7 per cent, remained.^ 


The havoc created by this earthquake was bv no means confined 

to the vicinity' of Sagami Bay: destruction of propertv was spread 

over seven prefectures (provinces). The greatest loss of life (83 per 

cent of the total deaths) occurred in densely populated Tokyo and 

\okohama, where fires, started by the earthquake and fanned bv 

uinds of gale velocity, devastated the greater part of those two cities. 

An estimated 40,000 people had gathered in an open space near the 

center of Tokyo when a sudden shift of the wind carried the fire 

across their place of refuge; not a single individual 5 uiAi\ed this 
holocausL 

Great as the loss of life was in the Japanese quake of 1923. it has 
been exceeded several times in the past. I'p to 180.000 people uere 
killed, mainly by landslides, (Chapter 7), in the Kansu and Shenshi 
provinces of China in 1920. Destructive earthquakes ha\e visited 
the Sagami Bay district of Japan before: one of these, in 170,3. caused 
the death of 200,000 people. Thirtv-four vears later. 300.000 i.ere 
killed in India by a violent quake. The highest loss of life on rec 
ord « an estimated death toll of 8.30.000 in an earthquake oc. tuTin.. 
in Shenshi province. China, in 1556. It is surprising that the earth 
OTcks uhich open and close during quakes base not engulfed more 

Sls^n? " '""" earthqttake histnrv 

Aere IS only one authenticated case of this sort. In the severe quake 

IV rtce p tddN 

neighbors attracted by her screams could rescue her the 
crack contracted and crushed her to death. 

Seismology. Earthquakes set up vibrations or leaves 


® Davison, Charles, op. cit., pp. 34-35 
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uic carui. me study ctf cardiqi^Lei 
arthquake waves is knosm as seismology. 

There are three sets of earthquake waves: two, the priman tmd-^ 
econciary waves, pass tlirough the earth; the thini set, ^ ^ 

s as es. passes around the earth. The primary and secondary 
re separate types of waves svhich vibrate in different directiom 
ravel at different speeds. The earth acts as a rigid solid in traumk- 
ing tliese sv aves. Instruments have been invented which reond on a 
evolving drum tlie primary, secondary, and long waves as they reach 
he point at which the instrument is located. These instruments me 
mown as seismographs, and the zig-zag line that is drawm on the 
Irum when an earthquake is recorded is a seismogram. Informataon 
IS to the location of an earthquake, the time at which it oocmred, 
ind its intensity can be compiled from seismograms obtained at a 
lumber of separate stations. Seismographs pick up earth tremon 
vhich would othenvise be uimoticed betause the faulting occnned 
n uninhabited areas or beneath the sea. 

It is as yet impossible to forecast when an earthquake will 
ilace. Most of the active feults have been mapped, so that we know 
.n a general w'ay what areas are liable to be visited by quaka in the 
iuture. In such areas it is wise so to build that earthquake 
ivill be at a minimum. Deep alluvium and filled-in ground 
be avoided, as these have a tendency to magnify the shocks occur¬ 
ring in the underlying bed rock. The San Francisco earthqnaAf of 
1906 caused much greater damage to the buildings on the aBuvtal 
plain than to those on the adjacent bed-rock hilb. Buildup diodd 
be constructed of such material that they will stray without hcCak- 
ing. Stone and brick structures are inferior to wooden buildhagi in 
thb regard, but wooden buildings are an easy prey to the fires thatt 
Follow. Reinforced concrete is the best building materiaL 
of this type in downtown Tokyo were left standing among oom- 
pletely razed structures of other types in the earthquake of 192S. 

Seisraologt' has been used by the petroleum geologist in sesvh- 
ing for buried structures favorable to the accumulation of oB and 
gas. Explosives are set off, creating miniature earthquakes aducfa 
send waves dowTiward through the rocks. Where a rock stratnra or 
mass of different elasticity b encountered, some of the waves are re¬ 
flected back to the surface and are cau^t by seismogra^ set up m 
different Doints. From the seismograms thus obtained, it is posable 
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to determine the structure of the buried rocks. This procedure i: 
described in more detail in Chapter 17. 


SiOVSTAiys 

A mountain is a loftv ele\aiion of rock; it need not l)e of 2 p*eat 

* 

height above sea-level, but it must rise conspicuous^ abo\c‘ nearby 
land surfaces. The distinction between a hill and a imtunt.iin a 
matter more of location than of height. In regions of low (»r nuxler- 
ate relief the "mountains/' according to local nomenclaiurc, inav 
be lower than some of the “hills” in more rugged areas. A> a -eii 
eral rule, the highest points in a region, whether thev reai h ele\ aiionv 
of 500 or 5.000 or more feet abo\e tlie surrounding lowIantK. arc 


called mountains; the much lesser heights arc refened to as hills. 
Mountains may be isolated peaks, elongate ridges, or a groiij) (d 
summits capping a relatively high area. 

The highest mountains in low latitudes, and all mountains in 
high latitudes, rise above the level of perpetual snow. But wlu-ther 
snow-clad the year round or not. mountains attract thousands of 
people annually. Many are lured bv more comfortable summer 
temperatures and magnificent vistas, while others seek the mica- 
tional features such as mountain climbing, fishing, hunting, and 
winter sports. 

Valuable forests may occupy the flanks of mountains. The Acinter 
snow's store water which is tapped by the heads of ris ers. Some great 
cities have built long pipe lines into mountainous aic.is in order to 
obtain a consistent year-round flow of uncontaininaied and soft 


water. Mountain chains exert a strong effect on tiimate; the winds 
in crossing a range of mountains are pushed upward to liic [>oi!it 
where lower temperatures force the precipitation of their contained 
moisture on the windward side. After crossing the nu)unt iins the 
winds descend and tlie air is warmed by comprevsitjn 'adt^thahe 

heating). This increases die air s capacity to hold moisture. For tlu 
reasons dryTiess results on the leeward side. 


Ill »t 


Origin of mountains. The elevation of mouiu;dn> 
IS due, directly or indirectly, to diastrophisin. The di «>tr. ...hiMu 
may be of three types: deepseated movements. hori/oiu..l n,.. . 
ments, or vertical movements. Movements deep within ih, , s 
ermt permit the escape of lava to the surface. If this flow. .,r 
IS blown) through a circular vent, a volcanic cone js fo„„ed u!.,. t, 
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... ume may n« l,.gl, enough m be a mounmin. Utend 
non of d.e earth a mn, creates horiaontal mcementa. wM*W 
duce folded rocks and overthrust Btults. Tension in the crust ^ 
dut^^es nomal faujts. Folded and faulted mountains are dne U 
tially to horizontal movements. Vertical upward movements of the 
eartli s crust, or uplifts, provided the elevation needed for »!»>>■* ^ 
OUT presentHiay mountain ranges. Uplifts may occur, and in many 
cases ha\e occurred, in regions which have presiously suflEeied in¬ 
tense diastrophism of the compressional type. Furthennoie. iqilifts 

may be recurrent so that mountain systems are periodically renoK- 
nated. ’ 

After diastrophism has produced the elemtion necessary for moon- 
tains, erosion carves the mountain topography. Volcanoes are an 
exception, howev’er, to both of these rules. Diastrophism merely 
aermits the escape of la^'a; the mountain is built by volcanic ac- 
ivity. Erosion, therefore, plays no part in forming a volcanic 
mountain, although it may modify its shape, and eventually wili 
iestroy it altogether (as it will other mountains). With this excq>- 
.ion, erosion is as essential to tlie formation of mountains as k 
iiastrophism. Xhe increased elevation broi^ht on by folding, hudt- 
ng, simple uplift, or a combination of these, creates increased 
itream gradients, and erosion by running water is accelerated. Deep 
.alleys are carv’ed; headward erosion of many valleys back into the 
livides creates mountains. Ice and other agents of erosioa may 
issist in thb sculpturing. In other words all mountairu except 
folcanoes are residual features, representing a stage between tire 
devation of a great mass of rock by diastrophism and its destruction 
iy erosion. 

The base-leveling of an uplifted area may be complicated by its 
x>ntinued rising, through isostasy, to compensate for the ef 

he sediment removed by erosion. One must postulate a lag in the 
sostatic adjustment between the areas of erosion (unloading amd 
leposition (loading) in order to explain base leveling at alL 

Volcanoes. Volcanoes (described in Chapter 10) are 
inique among mountains because they are built up by the aocretum 
>f lava and ejectmenta instead of being sculptured out of p®e- 
rxisting rock. 1 i*cy may be unique also ui standii^ some disiamx 
rom other mountains and in exhibiting unusual perfect^ of syin- 
netry. For these reasons some volcanoes, such as Rainio'. Sl^tta. 
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Popocatopetl Etna, and Fujiyama, aic 
most beautiful mountains. 

The shapes of some volcanic peaks have been considcrablv modi¬ 
fied bv mountain glaciers. In addition, volcanos ..rc eroded by 
other agents, mainly running water. Cinder cones aie esp. ci.illv sus¬ 
ceptible. Therefore, a volcano will exist as a imnintain for oiilv a 
brief period as geologic time is measured: our volcanic j>e,.ks of to¬ 
day were built a relatively short time ago. In fact, some li.ue l.< eii 
active during human histor>-. Once erosion has compicteiv drsiMAed 
a volcanic mountain there remains the neck or conduit tliiougli 
which the lava poured upward from deeper in tiie trust. In mans 
cases the rock in this neck is harder than the surrounding km k so 
Avill become a prominent topographic feature during tlic lotM iing 
of the local surface by erosion. Some mountains, siu h as the Spanish 
Peaks in Colorado, are formed in this way. Most voliaiiit necks are 
smaller. They may be referred to locally as buttes, although getilo- 
gists tend to restrict this term to features of somewhat similar tojxig- 
raphy, but which are composed of flat-lying layered rink. Dikes, 
inclined sills, and uncovered laccoliths mav likewise resist erosion 

* A 

to such an extent that ridges, hills, and even mountains result. .\II of 
these features except the volcanic cones themsehes are tarsefl by 
differential erosion, and therefore differ but little in origin from the 
mountains described in subsequent paragraphs. 

Folded-rock mountains. Some mountain thains. such 
as the Appalachians, consist of sedimentars rtxks that h.ne luen 
folded into a series of weaves like pleats in a skirt. The sediments 
w'ere originally deposited in a great gecxsyncline, the floor of wlmh 
sank as the material was deposited. In this way thousands of feet of 
sediment was deposited before diastrophism raised the geosynclinal 
trough to such heights that the sea could no longer enter. sinking 
geosyncline can be described as a wedge foning its way into the 
earth’s crust. This wedge contains rock that is w eaker than the kh k 
on either side; it eventually succumbs to the compressis e fon es in 
the crust by forming a series of folds and. perhaps, oserthi ust f.iulis. 
This diastrophism may be aided by the expansive fonts set uj. bv 
the higher temperatures encountered with deeper burial. 

Diagrammatic reproduction of the folds exposed in mountain 
:hains places the apices of some of the anticlines thousands of h , t 
Jbove the summits of the present mountains. It lias been com Imled 
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by some geologists that the mountains themselves at one tim** 
these enormous heights, but it is more likely that folding was mM- 
ciently slow so that the agents of erosion truncated the tops of the 
anticlines as they rose. In no mountain range of today, at any rate, 
does the topography ever approximately conform to the rock struc¬ 
ture, in that the ridges are anticlines and the valleys synclines. Once 
erosion has truncated the top of an anticline it proceeds difiEeroi- 
tially, the resistant rock layers on the flanks of anticlines (and syn¬ 
clines) making hogback ridges, and tlie softer layers eroding into 
valleys. This is the typical topography of folded rock mountains. 

The traceable history of the earth ,is divided into a number of 
periods; each period represents many millions of years. It takes the 
forces of erosion less than the span of an average period to destroy 
a mountain range. But erosion does not destroy the folded rock 
structure, so if diastrophism re-elevates a region of folded rocks, 
differential down-cutting will re-create hogback ridges with interven¬ 
ing valleys. Most of our folded rock ranges of today are rejuvenated 
mountains: in some instances they have been planed down by ero¬ 
sion and rejuvenated several times in the geologic past. Such moun¬ 
tains have two or more birthdays, the first the time of the original 
folding and the last the time of the most recent uplift. The Appala¬ 
chian Range was originally folded during a far distant geologic 
period. Before the close of the next period, still several hundreds 
of million of years ago, the entire region was peneplained. Subse¬ 
quently these mountains have been uplifted, carved out by erosion, 
and destroyed, or partly destroyed, several times. The Appalachians 
and all of the other mountains now existing in the world were last 
uplifted during a fairly recent period. Mountains elevated earlier 
have been destroyed, just as the present mountains will be destroyed 
in a short space of geologic time unless further uplifts occur. 

Many mountain chains, including those with the highest peaks, 
consists of more than folded sedimentary rocks. They also contain 
great masses of granite and other igneous rocks, and various kinds 
of metamorphic rock. These rocks are very resistant to erosion, so 
that when they are uplifted they are soon isolated as peaks by the 
removal of surrounding, less resistant rocks. Crystalline (ignojus 
and metamorphic) rocks occur in mountain chains in two quite 
different structural relationships. In one, an arching of the crutt 
elevates the hard rock floor on which the sedimentary rocks were de¬ 
posited to such heights that the floor is uncovered by erosion of the 
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sedimentary rock veneer across the top of the arch. Because of tin 
hardness of this rock it will erode more slowly than the sedimentai > 
rocks on the flanks. In time the igneous or metamorphic rock in the 
core will be sculptured into sharp peaks and narrow \alle)S. The 
jagged sedimentary rocks on the flanks, because the\ consist of tilted 
layered rocks of varying hardness, will be eroded into relatively low 
hogbacks ^vith intervening valleys which parallel the crystalline roc k 
rancre. The Front Range of the Rocky Mountains illustrates this 

O ^ ' 

type of mountain system. The peaks are carved from granite: ])aral- 
lel to and in front of them to the east are hogbacks of tilted sedi¬ 
mentary rocks. The hard igneous or metamorphic rocks forming 
the core of mountain ranges falling into this classification are older 
dian the associated sedimentary rocks; the crystalline rocks ^^'crc at 
one time the floor on \v*hich the sedimentary rocks ^vere deposited, 
as shown by the depositional contact betw een the two. 

The other type of “hard rock“ mountain range has a core of ig¬ 
neous rock ^vhich is younger than the associated sediments. In this 
case great Datholiths and other bodies of magma were intruded into 
the sedimentary rock formations as they were being folded; the con¬ 
tact is an uneven one because the magma pushed and ‘‘buined'* 
its way into the sediments. When diastrophism lifts a rock comj)lex 
of this character high above sea-level the agents of erosion strip off 
the roof of sedimentary^ rock and expose the intruded igneous roc k. 
Subsequently erosion proceeds differentially: the softer sedimentary 
rock is stripped dowm to low' elevations w'hile the relatively resistant 

f 

igneous rock is carved into a rugged mountain system. The main 
ranges of the Rockies, the Sierra Nevadas, Cascades, and many enher 
mountain chains are of this type. 

But not even the mountains made of igneous and metamorphic 

rock are everlasting. They, too, are peneplained in time bv erosion. 

Likewise they can be (and have been) rejuvenated by uplift. Flic 

hard cores are not destroyed when the mountains are planed down: 

the renewed erosion brought about by an uplift will re-c reate moun 

tains out of the harder rocks by removing at a faster rate the assoc i 
ated less resistant rocks. 


Faulted mountains. Some mountain ranges have been 
elevated by faulting. Erosion carves mountains out of the npiaiscd 
rock, at the same time obliterating the fault scarp. Fault mountains 
of this type will be destroyed when erosion lowers the surfac e ot tlu 
upfaulted rock to the level of the surface across the fault. Moweser. 
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: tauk.n. ha. throv, n t.,.ether ro. ks of unequal hardness, differen- 

vdienever the r..,k surfaces ad,a,ent to 
■t t.u.t ^..na ,d,ove base le-.el. .Mountains ,an therefore he inade 
^ t..e up.ilt of an area in which the rotks v,e,e l.iuhed cluruw a past 
eruKi .t chastrophism. The ideal conditir.n tor tins tspe ot .„oun- 
oi. laiT^e IS where enstalline rocks have been laulted aaaiiwt rela- 
• c-A sr.tt ^edimentars rocks. Some of tlie ranges of the Rcxkv 
lountairi 'Sstein base had this origin Tig. I'lCi.. 

P'tretore. two tvpes of faulted mountains: one in 
liiiii t;.e .untains are . ar\ ed from an uptaidted blcjck r.f rock, 

difierential erosion has created mountains 
ut i.n ujj.itted rcxks whicli were faulted during a previous period 
t diastiophism. 

Tile hesi Kiroisn examj'jle ot fault block mountains are the Great 
.Ain i.uwe- v.hich lie between the Rockies and the Sierra Xesadas. 
hese ranges ha\e been (.arsed trom great blocks of rock which 
ere faulted up and siniultaneoush tilted. 

uu(\ rrtc.ui type. There remain 
) be described the mountains svhich are formed during the destruc- 
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I pfnuited re^istrint rocks in background; relatnely soft 

T o k'- in iov. -srea in lore-and middleground. Teton Mountains 
I ,k':, Fgg;-.’- ■*1 L'n^on Pacifu Rulroad. 
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tion of an uplifted region, such as a plateau, which is underlain : . 
Oat lying rocks. Because the latter tend to be worn do^cn more 
evenly than do the mountains consisting of folded or cr\stalhne 
rocks, thev have lesser magnitude as a general rule. Thc^ are formed 
because some of the flat-lving beds are more resistant to the forces 
of erosion than otliers: these become the ‘cap rocks of mesas and 
buttes, topographic features which were described in Chapter 3. 
Wlien erosion has completely removed a cap rock, the underlvin^ 
softer rocks are soon stripped off. and the next hard la^er becomes 
the cap. The harder lasers on the flanks of a butte or mesa, the cap 
rocks of the future, can be recognized by their steep faces which 
interrupt the normal slope of the hillside. Also, the softer rock im- 
mediatelv above a resistant bed mav be cut back, creating a bench or 

j • ' - 

terrace. 

Most mesas and buttes are capped by hard beds of sandstone. Other 
relatively resistant rocks are limestones and solidified lavas. The 
softer rock that lies benveen the hard formations is. in most 
instances, a shale. Lavaopped mesas of sufficient height to qualifv 
as mountains occur in southern Colorado. New Mexico, and else¬ 
where. The Southwest also contains manv mesas and buttes with 
sandstone cap rocks. Erosion bv tributaries of the Cc^lorado Riser 

in Grand Canyon has formed buttes high enough to be considered 
mountains. 

METAMORPHISM AyO META.MORPHIC ROCKS 

Metamorphisra literally means change of form. Igneous and sedi¬ 
mentary rocks in the earth s crust may be changed t metamorphosed i 
into quite dissimilar rocks, called metamorphic rocks. These n> ks 
have either a characteristic texture or mineral assemblage, or both, 
which distinguish tliem from all other rock tvpes. 

Diastrophism is a primary cause of metamorphism. In some cases 
It operates directly, as when compressive mosements in the earth s 
crust create greater pressures than the original rocks can stand, with 
the result that these rocks become metamorphosed. Tliis is knoiv n as 
dynamic metamorphism. Metamorphism bv vertical pressure and 
beat may be brought about by deep burial, in which case diastro 
IS a less direct but none die less essential cause of meta.ntu 
phism for deep burial can occur only through crustal mox emetus 
wlud. depr« a part of U.e ermt so that deposition of sediment mat 
ni.c p«e. ifeumorphism caused by die weiglii ol oterltiim ,.,1. 
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>lus increased earth temperature due to greater depths, is 
tuitc nifiamorphism, 

Nfetamorphism can also result from the intrusion of Thi* 

irwess. knoi^^ as contact metamorphism. was described in the De¬ 
eding cliapter. The results of contact metamorphism 
?rably from those of regional metamorphism, which 
Ivnamic ai^ static metamorphism. Contact metamorphism. as the 
tame implies, is confined to a relatively narrow zone adjacem to die 
ontact of an igneous intrusive, whereas r^onal metamorphism al- 
ects a \-astly greater volume of rock. Magmas may also 

lew elements and compounds into the adjacem rocks, so that new 
ninerals, which consist, in part at leasl» of elements whidh woe not 
litherto present, are formed in the contact rock. In r^onal meta- 
norphism also, new minerals may be made, but these ai« formed 
olely througli the rearrangement of elements already present. Chemi- 
al analyses of a rock before and after regional metanunphism woohl 
►e veiv similar. 

s 

Agents of metamorphism. The agents of metamoi- 
thism are heat, pressure, water, and gases. As a general mlc 
gents are all in operation during metamorphism, so the product is 
result of a combination of forces. Howeser, in di ffe re nt types of 
letamorphism some agents may be decidedly more active diam 
thers. 


Relatively high tempieratures may be due solely to deep buriaL 
"empierature increases below the surfcice so that a rock buried a few 
bousands of feet deep is heated to an appreciably higgler ten^era- 
are than a rock lying at or near the sur&ce. Heat is also generatted 
v friction during diastropfaism if the forces are great enon^ «o 
ause faulting, shearing, or rock flowage. Another source oi heat is 
itruded magma, of far greater importance in contact th^ m re- 
ional metamorphism. The main function of heat in metamorpfaiHB 
to dehydrate the r*-ater-containii^ minerals and to speed up dm 
lemical and physical processes that take place. The solubility rtf 
linerals in the interstitial (between the grams) water is greatly »• 
-eased bv heat, and very high temperatures softoi the mineral i^aiaa 
sd allow them to change their diapes under pressure. 

Abnormal pressures on the rocks in the earth’s crust may be created 
I sev eral wavs. Pressure can be caused by deep burial, for the vna|^ 
f a fey» thousands of feet of overlying rock is very great. Sonm man¬ 
ias are intruded with sufficient force to disrupt and oush aside the 
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rocks in their wav. But probablv the most incense pressures are ti.. ^ 
created by diastrophism of die mounuiin-building tNpe. In tins ca>e 
the rocks mav be greatly squeezed by pressures whicli \3.v\ uideh in 
intensity in different directions. The result mav be a prutound 
change in the character of die rock. High pressures ai>o aid the 
solution of minerals in interstitial water. Where pressures aie uiueh 
greater in one direction dian another, die minerals sui“\i\inz die 
metamorphism mav suffer change in shape, and the miner. lis 

which form will have orientations controlled by the pressure diie< - 
tions. The effects of pressure will be more fully described in the fol¬ 
lowing section where the results of nietaniorphism are discussed. 

W ater is essential to nietamorphisni. It mav be present as connate 
water, which occurs between die grains in a sc-dimentaiA rock and 
which is residual from the water in which the sediments were de¬ 


posited. It mav be meteoric (rain* water which has joined the 
ground-water circulation: or die water mav be of magmatic origin, 
either left in an igneous rock at die time it cr\stallized or occurring 

O V 

in any npe of rock by penetration from an ieneous intrusion some¬ 
where in the vicinity. During metamorphism additional \vater mav 
be made available dirough the dehydration of water-containinc: min¬ 
erals in the rock. The main function of water durini{ metjmoi piii>ni 
is to act as a solvent for compounds in the rock which are unstable 
under the changed conditions of temperature and pressure. The ma 
terial thus taken into solution in the interstitial water immediateh 
reprecipitates in forms which are stable in the new en\ irc>nmeni. 


Water, therefore, acts mainlv as a vehicle of metamorphism. 

Other agents of metamorphism are compounds and irases in sfilu- 
tion in the interstitial water, and similar materials which are released 
from the minerals in tlie rock during metamorphism. Connate water 
contains salt and other compounds which were in solution in the 
original sea water. Meteoric water mav contain oxxgen. carlson di¬ 
oxide, and various soluble solids picked up during its tra\els. The 
elements and compounds, both solid and gaseous, which mas l)e in 
solution in magmatic water are mans and \ aried. Metamorphism of 
rocks containing carbonate minerals, such as limestones and dolo 


mites, may release carbon dioxide: pvrite and other sulphide min¬ 
erals are sources of sulphur. These various elements and lompoumb 
are as^lable for chemical interactions with the minerals com post n - 
the rocks undergoing metamorphism. If the temperatures are lu^h 
enough, these volahle fractions of the rock, including the interstitul 
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^vater, may be in gaseous form, but the reactions 
the same. 


taking place arc 


Results of metamorphism. Tlie principal result of 
netamorphism is the formation of metamorphic rocks from rocks that 
tvere originally sedimentary or igneous. This result may be obtained 
through a simple process, such as the re-crystallization of calcite 
tvhich converts limestone to marble, but in most cases it is brought 
about by several processes operating at the same time. 

One result of metamorphism is the dehydration of minerals that 
formerly contained water. Thus the clay minerals, which are hydrous 
silicates of aluminum, may be changed to anhydrous aluminous sili¬ 
cates through the expulsion of the water of cr>'stallization (chemi¬ 
cally combined water). somewhat analogous process is devolatili¬ 
zation, best illustrated by coal, which is altered from lignite through 
bituminous to anthracite and even graphite (pure carbon) by meta¬ 
morphic processes which cause the volatile constituents to be driven 
out of the carbonaceous material. 

Recrystalhzation of the minerals contained in the rocks is a very 
common result of metamorphism. It occurs when increased tempera¬ 
tures or pressures, or both, create an environment in which the orig¬ 
inal minerals can no longer exist. Consequently they recrystallize 
into forms which are stable in this new environment. In its simplest 
form recrystallization recreates the same mineral, but in larger, inter¬ 
locking grains. Marble is an example. The smaller grains of calcite 
in a limestone become unstable at high temperatures and pressures 
and go into solution in the interstitial water, to be immediately re- 
precipitated on the larger grains. The condition of instability is cor¬ 
rected by the development of large crystals, which gjrow at the 
expense of the smaller crystals. More often the elements composing 
some of the minerals in a rock undergoing metamorphism are forced 
to recombine into an entirely new set of minerals which are stable 
under the changed conditions. Some of these metamorphic minerals, 
such as mica and garnet, may be formed also by other processes, but 
certain other minerals are characteristic of metamorphism and are 
found only in rocks of this type. Examples of the latter are three sili¬ 
cates of aluminum: sillimanite, kyanite, and andalusite. 

Where the pressures to ^vhich rocks undergoing metamorphism are 
subjected are much greater in one direction than another, profound 
changes are made in the physical appearance of the rock. Minerals, 
such as quartz and feldspar, which remain chemically stable through 
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e contorLcd b\ Lhi> pr.xess. Crumpled, banded rocks arc burly 

aractcnjtK ot the cider meiamorphic rocks of the earth's crust 
igs 131 and 132 . 

I ariefies of metamorphic rocks. Metamorj^ik 
i\ e various characteristics that distinguish them from other 
rocks and from each other. In raanv meuraorphic rocks texture is 
distinguishing medium. .\s noted in a preceding paragraph, the 
inerals mav occur in distinct bands. If these bands are fine the tex- 
ire is spoken of as schistose: if coarse, the texture is gneissic. Suffi- 
ent characteristics of the original rock remain in some metamorphic 
>cks to permit recognition, in rvhich case the name of the original 
(ck is coupled to that of the metamorphic rock i^example: granile- 
iciss). In other cases metamorphism has obliterated the identits' of 



Fig. 152. Higblv conuxted schist injected by gcddr 
beaong quaru veins. Scale is six inches in lei^^ 
26<">foot Ic'ci of Homestake Mine. Lead, Sooth 

Dakota- Courtesy Homestake Mining Company. 


DiastTophism and Its Effects 

die original rock. However, the texture of a rock has a 
trol on grain size after metamorphism; dense rocks si 
and shales as a general rule produce finer-grained metai 
frhan do the relatively coarse-grained granites and sar 
mineral content of a few metamorphic rocks, such as m 
pentine, determine its identity, in other cases the prese 
eral creates a sub-variety (examples: mica schist). A tab] 
common metamorphic rocks, classified according to 
nxjt, follows: 

METAMORPBiC ROCK TABLE 
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Original Rock 


I. Igneous 


Granular rock 
Dense rock .. 


Metamorphic Rock 


Gneiss 

Schist 


n. Sedimentary 

Limestone 

Sandstone 


Sandstone 
Shale_ 


Marble 
Quartzite 

_ Gneiss 

___ (Slate 

) Schist 

(lignite or bituminous) coal ‘'Hard'" (anthrac 

graphit 


coal or 


Gneisses are hard, coarsely banded rocks (Fig. 153). The original 
pMdL was a coarsegrained igneous or sedimentary rock. Most gneisses 
jpne derived from granite and consist laigely of feldspar and quartz. 
JWra is usuaUy present, with the plates parallel to the banding. Many 
epmses are severely crumpled, due to a change in the direction of 

after the bands are formed. 

me A • 

^ A schist k a finely banded, foliated rock that tends to split parallel 

todaebands. Schists are derived from dense igneous or sedimentary 

rack. Mica is especially common in thin books and plates parallel to 

^ handily. I^y particles of talc, chlorite, or graphite may be prev 

eciented in die same manner. In some schists coarse minerals, 

by the metamorphism, occur as “knots’* or metacrysts around 

miEb the layers bend. Garnet, magnetite, pyrite, and seseral less 

mmeials, which are found in metamorphic rocks only, may 
s^ppear as metacrysis. ^ 

Quartztfe is both a sedimentary and a metamorphic rock. Sedi- 
raemmy quartzites (Chapter 9) are merely siUcaKremented sand- 
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ones: metainorphic quartzites are produced by the recrystallization 
f the (juartz giains into an interlocking aggregate. 

Serpentine is fomied through the chemical alteration of iron and 
lagnesmin containing minerals which occur in dark<olored igneous 
xks. It is gaeen in color and a relatively soft rock. 

Reci^stallization of limestone produces marble. The dominant 
lineral constituent of both limestone and marble is calcite, but in 
tarble the calcite crystals are coarser and are interlocking. Few this 

?ason the rock takes a good polish. Some marbles are banded and 
eautifullv colored. 

4 

Slate is fomied by the metamorphism of shale. It has a well deveh 
ped clea\age which makes the rock of*considerable value for roof- 
ig and other purposes. Most slates are black, but shades of red and 
reen also occur. 
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Fii l-.S CharacierUiiullv banded gnete Conning valler 
GlaSr, Glacier Na.ional Park. Pl.olo by ^ 


Diastrophism and Its Effects 

Anthracite (Chapter 9 ) is metamorphosed coal. It is black and 
shiny. If the metamorphism is severe the coal becomes graphite '^pin e 
carbon). 

Cycle of rock formation. Metamorphic rocks are the 
third and last of the three groups of rocks that compose the earth s 
crust. The initial source of all rock material is the u hich 


solidifies into igneous rock. Any rock, whether it be igneous, sedi- 
mentars’, or metamorphic, may become engulfed and dissoU ed in an 
upward-mo\'i ng 

becomes potential magma, and liquefaction takes place ^\hen pres¬ 
sure is released. All tliree types of rock may become sediment through 
processes of erosion, transportation, and deposition. Igneous and 
sedimentary^ rocks become metamorphic rocks through the \ arious 
metamorphic processes. A metamorphic rock mav be re-metamor¬ 
phosed by the same processes; its original identity becomes more 


magma, or it mav be buried to such depths that it 


difficult to recognize with each period of acti\ itv. 


ECONOMIC RESL LTS OF DIASTROPHISM 

Diastrophism produces two distinct types of economic results. 
One is the creation, through metamorphism, of minerals and rex ks (A 
commercial value. The other is the control exerted bv rock structures 
on the accumulation of oil, gas, and underground water, and on tlic 
position underground of other types of mineral deposits. 

Metamorphic rocks of economic value. The princijiai 

metamorphic building stones are marble and slate. The value -.1 

marble depends largely upon its coloring and its abilitv i», take a fine 

polish. Vermont is tlie principal producing state, but in spite of it> 

availability' in the United States, marble is still imjxnted from the 

famous quarries at Carrara, Italv. Slate owes its value to its cleaxa^e, 

which permits the quarrying of large thin slabs, and to its colors. 

This rock occurs among the metamorphic rocks in the eastern part 

of the United States, and is mined chiefly in Pennsylvania, .\nother 

metamorphic rock, anthracite coal, was discussed with the other varie¬ 
ties of coal in Chapter 9. 

Commercial minerals occurring in melamoroiiu to, h . 
Gtaphne like diamond, ii pure carbon, but instead of beine the h ,nl 
«t of all knoM, substances it is one of the softest, ft is slmpen „„l 
black, and srill mark paper. Graphite occurs dissemiuateil ,l„.,„..|, 
metamorphic rocks, especiallv schist, and in definite vein, W |,e,. dL 
semtnated. the carbon was originally carbonaceous tu,„cri.,l I, „ 
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ains, but the organic elements other than carban wese 
id driven away by heat and pressure accompanying regional 
h ism. Where vein graphite is enclosed in sedimentary lodk. 
rallel to the overlying and imderlying strata, the 
1 is that the graphite was originally a bed of coal 
graphite through intense regional metamorphism. 

;e has been found and attempts have been made to 


fourths of the states of this country. Howevo', 
3ro6 table in only a relatively few localities. The 
tates are Alabama. Texas. Rhode Isk 


Nevada, 


ind Michigan. It is found in Mexico _also. The largest 
praphite are in Mad^ascar and Ceylon, and these isk 
hief producers. Graphite is made successfully ii 


ana ceyion, ana tnese isianos are its 
nade successfully in electric furnaces at 
■Niagara Falls. More graphite is made there than is mined domes- 
ically. 

Graphite owes its industrial importance to the possession erf the 
bllowing four pro(>erties: its blackness, slipperiness, great resistance 
o heat, and electrical conductivity. Graphite, because of its slippery 
lurface, is much used in foundry kicings. Powdered graphite is grin¬ 
ded over the mold so that the solidified casting can be separalied 
Tom the mold ivithout destroying the latter. At one time the leadin g 
ise of graphite was in making crucibles for crucible steeL Grajrfdte k 
ikewise used in making crucibles for melting brass, bronze, ai^ 
)ther allots. The color of the mineral is responsible for its utiliza- 
ion in pigments, paints, and stove polish. It also has some use as a 
ubricant. Due to its electrical conductivity graphite is used m diy 
jatteries and for electrodes. The so-called “lead" in lead penc& is 
rraphite, but this is a relatively insignificant use of the minend in 

erms of annual tonnage consumed. 

Sillimanite is the name applied commercially to a group of ahi- 
ninum silicate minerals (one of which is sillimanite) that occur oriy 
n meiamorphic rocks soch as schists. When heated, these mineijUs 
hanee into a porcelain that is extremely resistant w hi^ 
ure, sudden changes in temperature, and great vibration. Thirty 
-ears ago the greatest weakness of an internal combtisUOT engine ^ 
ts spark pings. The widespread use in ^ent years rf 
iractically eliminated engine failure due to cracking of the ^ 

.ing porce^n. 

or> ware. The pnncipl domesuc source 
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the Inyo Mountains of California. These minerals also occur in \ ii 

ginia, Nortli Carolina, and India. 

One t)’pe of commercial asbestos occurs in serpentine as a by 
product of metamorphic processes. .Asbestos occurs in the L nited 
States in such widely scattered states as \'ermont, Arizona, Georgia, 
and North Carolina. However, most of tlie asbestos consumed in the 
United States (and this countrs' uses more asbestos annuallv than 
does all the rest of the world) is imported from large deposits in 
Quebec and South Africa. 

The utilization of asbestos is based upon its resistance to heat, elec¬ 
tricity, and acid. The long-fibered or spinning asbestos is woven into 
cloth used in automobile brake linings and clutch facings, tlieater 
curtains, and firemen's suits and gloves. If the asbestos is either in 
fibres too short to spin, or is in a matted condition, it is molded under 
great pressure into wallboard, pipe covering, and stove and furnace 
linings. It is also made into shingles, acid filters and other pieces of 
laboratory apparatus, artificial silk, and plaster designed to improve 
acoustic properties of auditoriums. 

Another metamorphic mineral utilized commercially is garnet. But 

few garnets are gem-worthy: practically die entire production is used 

for abrasrie purposes, as in garnet (“sand-”) paper. Gneisses and 

schists are mined for their garnet content in New York and North 
Carolina. 

Zinc and manganese minerals occur in a commercially important 

deposit at Franklin. New Jersey. The ore, called franklinite. has siif 

fered intense regional metamorphism which has altered the mciallit 

minerals into compounds not found elsewhere. This is an exceptitm 
ally rare occurrence. 

Traps in which oil and gas accumulate. Once oil 
and gas have migrated into a reser\oir rock, they continue to mo\ e 
dirough the resen oir rock until trapped. The direction of movement 
IS up the dip, because oil and gas are lighter than die water which 
saturates almost all resenoir rocks. The trap which prevents further 
movement may be a structural condition such as an anticline or an 
unconformity, or it may be due to a decrease in the permeability .>1 
e reservoir rock, or even to a complete pinching out up-dip of the 
od-beanng strat^. The structural traps are created by diasti ophisin. 
Ae other tyyes by a combination of diastrophic movement and other 

such ac Uie character and extent of the original sedin.en.art 
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Fig. 154. The trapping of oil by an anticline. The lighter-than-water oil 
rises through the water-filled sandstone to top of upfold. Further upward move¬ 
ment is prevented by impcrv'ious cap rock. By John Jesse Hayes. 


A trap tvhich is capable of causing oil accumulation is known as a 
losed reservoir. This is a sandstone or other porous rock completely 
rapped by materials impervious to the migration of oil. If a reservoir 
ock locally dips in opposite directions from a common point, pro- 
lucing an anticline, tlie reser\ oir becomes closed and oil migrating 
tp either flank of the fold will be trapped beneath its arched roof 
Fig. 134). Domes are anticlines in which the strata dip away in all 
iirections from a high point. Some oil-producing domes are circular 
n plan, but most are elliptical. A special type is the salt dome found 
ilong the coasts of Louisiana and Texas. There folding has not been 
lue to diastrophism of the mountain-building type, but to the intru- 
ion of a plug of salt \v'hich has arched or domed the overlying sedi- 
nents. The oil associated with salt plugs may occur in one or more 
)f three possible places: (1) in reservoir rocks arched over the top of 
he plug, (2) in the truncated and tilted sediments flanking the plug, 
he salt°itself acting as an impervious barrier to further migration, 
ind (3) in porous zones in the cap rock of the salt plug (Fig. 155). 

Reservoir rocks may also become closed through faulting. The trap 
n Uds case is caused by an inclined reservoir rock abutting an im- 
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- r-u k at the fault plane. The impenious rrxk act5 as a dam 

’ w 1 cr <'il inr^Tatcs Lip ilic^ dip of the resci'Noir rock. 

ReLr.iveiv iininipoi tant resenoirs are those formed through the 

acturing of rocks. Oil has accumulated in fractures in shale in a 
r\'.- localities. 


Reserc oirs can be closed bv vary ing porositv. as well as bv folding 
1 other mo\ ement of the rocks. For example, oil mav migrate up tlie 
ip of a porous sandstone to tlie point where that sandstone icedges 
Lit. If tile enclosing rock is impercious. the oil can moce no farther 
nd will become impounded below the upper end of the sand bodv. 
he greatest chi fields so tar discosered-produce fiom sandstones of 
lis t\ pe tliat disappear up-dip. In some cases the porositv of the rock 
ec-'ines less up-dip due either to increased cementation or to an in- 
1 eased percentage of shale or other fine-grained material. 

A sudden Llian^e from pen ions to impen ious conditions mav oc- 
ur Av'hcie folded and truncated strata are overlain bv impenious 
nun^cr sediments. In this case the oil moves up the dip of the tilted 
eser\c>ir rock until it encounters die untonformable overlapping 
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, nutation. A v-mewhat analogous con- 

-p ’ * Caiitornia and foreign oil fields. 

. ^ tOiCed and truncated ^intents are not co\ered 

’ - anger sediraenti. but trop out at die iurtace. Normalh under 
. nc-aon, die oi. migrates up die dip all die wav to die surface 
tcar es ms.^ipated. But because of escape of the volatile constii- 
me petroieiun. and perhaps also because of chemical reac¬ 
ts ns icnien ta^e place near die surface, the seeping oil tends in time 
oeceme asp.'.a t. a relativeiv impervious solid hvdrcKiarbon. Event- 
-i-in'. .aspna t mro s . clog the p<ares at die surface that further escape 

--'p o^d;.e. and oil begins to accumulate below the asphalt 


,'3 1 r7-’ 


-tcAi...iU.aiiun Gjt oil in all of the commercial fields in the 
. - r d been due lo one or more of the smiaural conditions jusi 


' “It • 



F:r 


f,);. V.* 


! » A pan of the Claiifomia- oil field 

e P.ici5c. Stme Gul! G>:i>i oil fields axe entirely 
'■ Ait PhG’Or- 













D iastr ophism and Its t f f r r t s 

outlined (Figs. 156, 157. 158 and 15r»K I he* sr.iKli 1 mi iiul i*(' 
tion of these favorable sinuiiiral tondiiioiis is rlu pKnimi <1 i 
geologist. The structure of the scdinientarv Kuks “M i tfunisoci^ < 
square miles of tite earth's sMrfa(e has been inaj»iH(l \>\ [mmmU ih 
geologists. The metluKls jsursued will be div ussi-d in ( i 17. 

Other rflftts nf rack foldin’^ and I Ik ni>'V 

ment of neater through stratifu'd r<Kk is likevsisc I d t 

structural conditions. Artesian pressure is due to \\a\i \ ( ito mm . i 
inclined porous stratuiti. The dire( tion of How (H w ii( ? in (( .nhih 
aquifers (pervious bedssc'.iled abfneand below b\ impc TNi'iON i i: 
is down the dip. Therelore the giound-water '^eologi^r uni>f p.t'. | m 
ticular attention to tlie btd-rotk structure. 


Rock structure is important to the miner also. W'lu u- diastiMplnsi 
has occurred after a mineral deposit was fomuil. tin* dt posit Aiii !i 
folded and faulted the same as the etu 1<>sin.; if k k. l or < \.unp!t < o 

r regif)ns. Map[)in‘..j the strin tin.d * 

the associated rocks mav lead i<y the dis( o\ c r\ of ;n *■ as \s I it i e 1 1 m , 
lies near the surface and mav also gi\e inlormatioti .|^ to ilir (h pfh 
to the coal in svnclinal areas. In order to follo^N fold. ,! niiti. i d .1, 
posit underground, it is likewise netess.ir\ n. kti.-A du mmi, mu , 
geology, especially where faulting cuts ai ros> .t l„ d v, ,n \M,, , 

anore vein is deposited after diastrophisni has i ikm -f , una 

ture of the rocks mav determine the {i.ithwasN fnlh.-M,! !.•. i! , 


bearing solutions. Therefore, stnutur.d ds., I,, 

an aid in the discovers of some tvpes of miner d il, posits. 
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PART THRFA 


Beneath the Crust 


The preceding chapters hate dealt 
mainly with geologic processes. These 
processes operate largely at or close 
to the earth’s surface, and the state¬ 
ments made concerning them have 
been based upon direct observations. 
Sow we turn to the rest of the earth, 
the four thousand miles from the 
outermost skin to the center. Ohv,- 
ously this study cannot be based upon 
visual observations, but indirect ob¬ 
servation and inference uill be used 
instead. We shall summarize all avail¬ 
able information concerning the 
earth’s interior before proceeding to 
Part Four, ‘’Practical Applications.'’ 
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CHAPTER 12 


The Earth’s Interior 


Om DEEPEST CANVONS CIT INTO T1IE 

earth for distances of over a mile. The deepest mines |H.*rmit men ti> 

penetrate beneath the surface for a distance of al>out a mile and .1 

half, and the deepest oil svell (at the time that this is written- h.is 

made asailabie records down to a depth of slightlv o\er three miles. 

We have, nevertheless, a surprising fund of information <ont erniniii 

the earth far below those lesels. Some information has l>een gained 

by a study of die other astronomic bodies, espet iallv the meitsinies 

which are incessantly “pelting" this planet. Geodetic observations re 

garding the shape of the eanh give us clues residing the jiast < ondi 

tions of the material composing die earth. Geologic observations 

made at the earth's surface furnish a number of clues cone erning the 

character and behavior of the rocks at depths far lievond those attain 

able by man. Of great value have lieen the geophysical data con 

ceming the density of the eanh. the compressibility of rocks and 

especially the behavior of earthquake waves as they pass through the 

earth. This chapter describes various observations that liear upon the 

earth’s interior, and it ends with conclusions that these various data 
make possible. 


Astronomic observations. The eanh 
tesimal pan of the celestial universe. This cosmos coi 
af stars of which our own sun is one. The stars at 
masses of inrandescent gas. Important data regard!n 
xnnposition have been obtained bv spertrographic n 
he elements which make up the earth have been fo 
pectrum. From this we can infer that we were once a 
ind that therefore the eanh was once a gaseous body 
Held to the sun by the graviutive attraction of tha 
line planets, one of which is the earth. The olane 



342 


Beneath the Crust 

iiat are nearly circular. The larger :j0 

gaseous or liquid state. Most planets have *inrai 
ites which revolve around them as oior 
ifolves around the earth, and in th#* 


Liic planets revolve about the sun. Each satellite is 

cally to the planet that controls its orbit and is probably an ofifehiMp 
of that planet. 

The study of our celestial neighbors leads to the concliuicm tha 
the earth was originally gaseous, and in all probability it 
throu^ a liquid phase before becoming solid. The signiBrano.. n 
the liquid phase will be broi^ht out later in this chapter. 

Of considerable popular interest ^d of great importance to on 
study of the composition of the earth are meteors and meteorites 

tial bodies too small to have definite oibits aboo 
the sun, as do the planets. Instead, they wander through space i 
the^' get sufficiently close to a planet such as the earth, are captorei 
through the superior gravitative attraction of the larger mass. Tin 
speed of a meteor entering our atmosphere produces fi ic tion 'ftfaud 
turns the meteor white-hot, and the vast majority of meteors are com 
pletely consumed before reaching the earth’s surface. Those fhatt: di 
surv'ive are reduced to but a fraction of their burner size and an 
called meteorites. The largest meteorite so Ear discovered weig^ sei 
eral hundreds of tons, but the smallest are litde more than pfaitidk: 
of dust. 

Meteorites can be classified in three types. One type is cmnpased o 
an alloy of iron and nickel (mainly the former), and will take a ped 
ish like any other metallic substance. These meteorites are quite dU 
ferent from rocks found on the earth’s surface both in cooD^Mirilifti 
and density. Howes’er, we shall see later that the core of the eamfc i 
comparable in density to the metallic meteorites. The seocmd ^^e i 
the stony meteorite, which is composed of interlocking cryscds a 
non-metal lie minerals. These are silicates of magneaura, iron, atorai 
num, and other elements. The stony meteorites do correspond u ap 


pearance and composition to some of the dark-colored ^pxeous redk 
found on the earth’s surface. The third type of metamte is a com 
promise between these twro extrernes, consisting of a mixtnre Ot ii 
regular masses of iron-nickel alloy in a surrounding ground mas 

of silicate minerals. 

Meteorites interest us because they indicate the type 
composing the solid bodies in the solar system. They 
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what the composition of the earth’s interior m.. 


give us clues as to 
be. 

Geodetic observations. Geodesy is the science th.n 
deals with the shape of the earth. Accurate sur\cys ha\e shown that 
our globe is not a true sphere, for its polar diameter i> al^cjiu iwentv- 
seven miles shorter than its equatorial diameter. In all ]>iol>al>ilitN 
the explanation of this difference lies in the centrifugal Ion c s. v t up 
by the rotating earth, wfiich cause it to bulge slightly at the ecjuaior. 

Geologic obsenuitions. The charac ter of the oui< i |>ai i 
of the globe can be determined by geologic obsersaiion. In add i tic a. 
studies made of the behavior of rock magmas result in cone lusions 
that are applicable to the conditions of the eartli as a whole \^hen it 
was a liquid sphere. 

Geological obsersations made at the surface can be extended down¬ 
ward in certain instances. For example, where granite chc uis in re¬ 
gions of great topographic relief it extends belc>w the deepc *st exposed 
levels, therefore all granite is assumed to ha\ c tc>nsiderable tide km ss. 
Furthermore, large-scale diastrophism has brouglu to the sin i.... 
rocks which atone time have been buried to considcr.iblc dc‘j)tli. \ ol 
canic activity also brings to the surface materials from de« ]H r 1< \( U 
thus giving us some indication as to what lies beneath the siitta«( 
From geological explorations, mine and bore hole data, and in 
part through supposition, it has been estimated that the oui« t t( ii 
miles of the earth consist of 95 per cent nnk of igneous origin and 
only 5 per cent sedimentars' rock. By far the greater part of the ig 
neous rock is granite or granite gneiss. These rfx ks not only csri 
many thousands of square miles of surface, but also, as deep drillin.. 
for oil and gas has shosvn, form the -basement” nx k in main ..rras 
where die surface consists of sedimentar> rot ks. 

It should be noted that these observations con, crnin« the p,v |s,„ 
detnnee of granite have been made solely on the von.ineinv. and ,l„ 
continents include only one fourth of the eartli s surfa, c. Pu,u„,.,l,K 

fo™ “ITr “r P""' "f “■■■■■nen, ,1 ,,l , 

clm^d““ "''''P these 

str^t T “PP'V- » ntattcr of fart, d.e ,a e.u, h.,.„,. 

um"i« tolr! t “"“"'"8 =">■ P>"i-ic r.K ks, ..gh 

s3 711“ ^-ts occurring in the mean basin,' u! 

being composed of granite, these islands .„n,i„ ,|.„t 
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colored basaltic lavas. Even many of the coral islands have 
found to consist of reefs capping submerged volcanic cones. Fmthes-- 
more, the ocean basins have been scenes of volcanic activity 
histone time, and in every instance the magma brought to tte nv- 
face has been of basaltic or allied typie. 

A logical conclusion to draw from these facts is that the 
are underlain by a granitic crust and the ocean basins by a 
crust. But the continents also have had volcanic activity, anH n io tt of 
the eruptions haw been of basaltic materials. Therefore, the conclu¬ 
sion is that volcanic conduits all over the world, whether they be on 
the continents or in the ocean basins, have access to hasir magma 
which upon consolidation becomes basalt or allied rock. Fiir rii«T . 
more, seismological ei idence, to be discussed later, leads to the 
that the granitic shell extends under the Atlantic and Indian Oceana 
but is absent beneath the Pacific and possibly the Arctic Oceans. The 
shell is only about half as thick beneath the Adantic and Indian 
Oceans as beneath the continents. howe\'er. 


From geologic observation and seismologic evidence we conrhidtf 
that the uppiermost layer in the earth’s crust is a discontinuous ^idl 
of granite, overlying a continuous substratum of basaltic rock. 

One other geological obser\'ation may be applicable to the cara£- 
tions exisdng in the earth’s interior. The examination of thidt sdla 
of igneous rock has shown that as a general rule the heaviest n«Br 
erals lie toward the bottom of the intrusion and the lighter raineiali 
toward the top. Obviously the sorting took place as the minoais 
crystallized out of the magma, the heavier ones sinking in the 
the lighter ones rising. The process by which this crude density Aiai- 
ificadon is produced is known as magmadc differendadon. It is nol 
unreasonable to infer that this process may also have taken |i&ce 
while the entire earth was sdll molten, and a density stratificatiaii 


was the resulL 

Geophysical observations. A geophysicist is one vdw 
studies the physics of the earth. It has been found through astinmom 
ical observations that the average density of the earth is 5.52; diat is 
to say. the earth is five and one-half times as heavy as an equal boft 
of water. This is interesdng informadon, for the average dens^ of 
rocks available to us at and near the surface is only 2.7, and im&t- 
dinary rock has a density much above 3. Therrfore, in order to- ^^ 
an average density of 5.5, the material toward the center of the ^ 
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Beneath the Crust 

By studying the records, or seismograms, of thousands of &al^ 
quakes which have sent waves through all parts of the <»aTth it 
been found that at a number of leveb within the earth an 
change in a\ e \ elocity takes place. These concentric zones veloc- 
it\ change are referred to as “‘discontinuities,” and it is natural to as¬ 
sume diat they designate a place where a chaise in rock deraky amt 
type occurs. 

Seismologists have found two major discontinuities in the 
The upper one lies at a depth of about thirty miles. As the waves, 
travelling at about 5i 4 kilometers per second, get down to rhis levd, 
they speed up to a velocity’ of about fight kilometers per 
which is about what one would expiect in an ultra-basic rock. Ultxa- 
basic rocks contain more iron and magnesium and less silica than 
basic rocks, such as basalt. They are relatively scarce at the earth's 
surface, but the stony meteorites are similar in composition, Aj^nr- 
ently the thirty-mile discontinuity separates the earth's crust frani 
an intermediate zone composed of rock similar to stony meteorites. 
The other major discontinuity is found at a depth of about 1,860 
miles. This discontinuity separates the intermediate zone from Ae 
very dense core. 

Several minor discontinuities have been found in the inteixae- 


diate zone, and one in the outermost shell (or crust). The bttor 
marks the boundary between the granitic and basaltic layers. The 
thickness of the granitic shell ranges from zero in the Pacific Ooeai 
Basin to from six to ei^teen miles in the continental areas. 

The minor discontinuities within the intermediate zone proinbiy 
mark boundaries between rocks of slightly different chemical 
mineralogical composition. The earthquake waves travel 
the inner shells, showing that those rocks are more dense. A pos^ik 
explanation for this density stratification, the process of magiro i ^ 
differentiation, was given in an earlier paragraph. No disconrinu^es 
have been found in the core; apparenUy this is a homogeneous mass. 

Temperature observations. Even the ancients wcne 

a«re that the interior of the earth it hot. The otittenee of 
noes with their outpourings of molten lava and hot gas m sufficmm 

evidence of this. Hot springs and geysers furnish 

dence. Even some artesian waters which have been earned to 

of several thousand feet between intake and outlet are ahnoiiM^ 


warm. 
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The Earth^s Interior 

Actual temperature readings have been made of lava lakes, la\ a 
flows, and of volcanic gases as they emerged from their vents. Tem¬ 
perature readings have also been made of hot springs, and of the 

rrater in geyser tub». 

Of course, these evidences of heat within the earth are found 
mainly in regions of present or recent igneous activity*; but the evi- 
dence of heat beneath the earth's surface is not confined to such 
r^ions. XemDerature readings have been made in deep mines and 
bore holes. The deepest that man has penetrated in person into the 
earth is in the Rand gold district of South Africa, where the bottom¬ 
most workiiigs are more than 8,000 feet below the surface. It is nec¬ 
essary in such deep mines to put in an elaborate air-cooling system 
in order that the miners may be able to work. The high tempera¬ 
tures encountered in mine workings can be explained in part by the 
heat produced through the oxidation of sulphide minerals after ex¬ 
posure to the air; but since sulphide minerals are scarce in deep bore 
holes, the readings obtained by lowering thermometers into them 
atone Gomidered to be reliable indices of earth temperature. Tempera- 
tmne readings have been made in some hundreds of bore holes down 
to a depth of 15,000 feet. There is considerable variation in temper- 
aCufe gradient from one locality to another, but the average is about 
1 degree Fahrenheit for every 60 feet. Therefore, the rocks at a depth 
ctf but a mile are on the average nearly one hundred degrees hotter 
thmi &e rocks close to the surface. The highest temperature obtained 

at the bottom of a 9,000 foot hole in California where the 
temperature was 244 degrees Fahrenheit, or 32 degrees above rhe 

point of water (at surface pressure). The effect of pressure 
«« ^ melting point of rock was discussed in Chapter 10. 

^ one knows how hot the center of the earth is. It obviously 
WfnaM. be hazardous to extrapolate (extend) downward to a depth 
M 4,060 miles the rate of temperature increase obtained by measure- 
Wpsis in the outermost three miles of the earth. As a matter of fact, 

geophyskdsts believe that the rate of temperature increase 
^dfastoLshes downward. 

reason lor the internal heat ci the earth is a subject of inter- 
^xmlation. According to the previously mentimied theory 
In earth was at one time a highly heated mass of gas which hai 
co^ and contracted into its present size and condiuon, the heat 
is veadna^ and the emh is concinaing to cool and contract. Thn 






^ Beneath the Crust 

is a favorite explanation for the world-wide diastrophic revolutions 
u hich resulted in local crustal shortening by folding and overtlinist 
faulting. 

Conclusions, From knowledge obtained, by astrono¬ 
mers, of the celestial universe and especially of our solar system; 
from a study of meteorites ^^*hich are samples of cosmic material; 
from knowledge obtained regarding the shape of the earth, its mo¬ 
ment of inertia, densitv. and internal temperature; from studies 
made of rock compressibilit\*; from obser\’ations made of gravitative 
differentiation of magmas intruded into thick sills; from geologic 
obser\ations of continental granites, and of both oceanic and con¬ 
tinental basalt flows; and from the records made of thousands of 
earthquake tvaves which have tra\elled through the earth, we are 
able to reach the folloAving tlieoretical conclusions: 

(1) The earth was once gaseous and then liquid before becom¬ 
ing solid. 

(2) The earth is composed of a core surrounded by concentric 
shells of material of decreasing density. It has the rigidity of steel. 

(3) The core is 4,200 miles in diameter and its periphery lies at 
a depth of about 1,830 miles. It is homogeneous and has a density 

about nine times that of water. As to whether it is liquid or solid is 
still open to question. The most intelligent guess regarding the com¬ 
position of the core is that it consists of iron, probably with some 

nickel, similar to iron meteorites. 

(4) The intermediate zone is about 1,800 miles thick, v-ath its 
periphery only about 30 miles below the earth’s surface. It comisu 
^ several shells. This zone is thought to consist of ultra-basic igne¬ 
ous rocks, similar in composition to the stony meteorites. ^ 

(5) The crust averages about 30 miles in thickness. It is divided 
into two shells. The lower one, which completely girdles the globe, 
is basaltic- The outer or granite shell is not present in the ocean 
basins. Over the continents it ranges in thickness from 6 to 18 miles. 

(6) Superimp>osed in places upon the granite shell is a relatively 
thin and insignificant veneer of sedimentary rock% lava flows, and 

mantle. 
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CHAPTER IS 


The Search for Mineral Deposits 


The methods followed in searching 
for new mineral deposits \^ary with the type of deposit sought. For 
example, the procedure in hunting for new oil pools is far different 
from that used in looking for goldbearing veins. The methods fol¬ 
lowed in prospecting for sedimentary deposits, however, are practi¬ 
cally the same whether the material sought is coal, g^'psum, or any 
other stratified rock. 

The origins of the various types of mineral deposits are described 
in pertinent chapters in Part Two. A classification of such deposits 
is given below. The figures in parenthesis refer to the chapters in 
which the genesis of the deposits is discussed. Because mineral de 

posits are earth materials Just as much as rocks, they are subject to 
the same general classification. 


CLASSlFICATtON OF MINERAL DEPOSITS 


Igneous (10) 
Magmatic deposits 


Hydrothermal veins 

Hot spring and fumarole deposits 
Sedimentary (9) 

Organic deposits 
Inorganic sediments 
Preopitated compounds 
Metamorphic (Regional) (II) 

Seomdaiy 

foniied through weathering processes (7) 

Ileposits formed by ground waters (4) 

“OrgMk d^iB, • undtr Sedimtnur, 

po^urfudts denvauve, o« sediments, such a, oil ami ^ 

m mldtoon m coni and oAer deposia of direct organic ariZl 
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Practical A pplications 

Placer deposits mav be formed through the activity of running 

'vater, shore line processes, and even the wind; consequently they 

are described in the chapters in Part Two that deal with those 
phenomena. 

Secondary deposits consist either of minerals formed from pre¬ 
existing materials through processes at work at or near the earth's 
surface, or of minerals concentrated tlirough the removal (leaching) 
of associated valueless material. The original source of all matter 
in the earth’s crust is the magma; therefore, strictly speakii^, all 
mineral dejxjsits except tliose falling in the igneous class are second- 
ar\. However, in this classification, deposits which are formed 

through deposition of sediment or regional metamorphism are classi¬ 
fied separately. 

This classification does not include one mineral resource, ground 
u ater, which is of great importance to mankind. The occurrence of 
ground rvater, and methods of prospecting for it, are given in Chap¬ 
ter 4. 

Mineral dejxisits, in addition to being classified bv origin, ran be 
classified also according to type of material, ^^ajor groups by this 
arrangement are (1) metals, commonly referred to as ore deposits, 
(2) non-metals, and (3 i mineral fuels, which include mainly coal, 
oil, and gas. 

\'arious methods employed in prospecting for widely differing 
types of dep)osits. including ore bodies, coal (and other bedded 
rocks), oil, and mineral bodies in metamorphic rocks, are given in 
the following sections. Oil has separate treatment, for, although it 
occurs in sedimentary rocks, a specialized technique must be fol¬ 
lowed in prospecting. 

PROSPECTISG FOR ORE BODIES 

The search for new mineral deposits can be divided into two 
branches. One is tiie discovery of new districts, and the other the 
discovery of neyv ore bodies or enlargements of previously known 
ore bodies in already established mining districts. The latter branch 
of economic geology is called mining geology. Up to the present 
time, the use of geologic method has been more e^rective in mining 

geology than in the search for new districts. 

Surface prospecting methods. In the past, prosp>ecting 

has been a matter of keen observ ation of rock exposures by individ¬ 
uals largely untrained in the science of geology , coupled yvith a fair 
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The Search for Mineral Deposits 

share of luck. That luck was an imporunt element in discc.. r 
of the great bonanzas of the last century is amph attest s t 
stories and folklore of the mining camps of the " ‘^st^ern I nued 
States. Regarding one of the discoveries that made Leadville. C.<do- 
rado, a famous mining district in the latter half of the l'»ih < enturs, 
T. A. Rickard, able chronicler of .\merican mining liistor>, sa\s; 


The most important was the consequence of pure accident. I uo 
prospectors were grubstaked, or provided witli tools and fiKxl, b\ a 
man named Tabor, who had a store and was the local postni aster. 
He was to have the half of anything that the two prospectors, Rische 
and Hook, might find, .\mong their provisions was a jug of w hi>- 
key, which proved so inviting that they decided to drink it before 
they had gone more than a mile from the camp. hen thes had done 
so, they’ concluded that the spot at svhich thev had halted, on Frver 
Hill, was as good a place as anv other for sinking; a shaft. .\t a depth 
of 30 feet they struck the rich orebody of the I.ittle Pittsburg mine, 
this being the one point of ail others on the hill where the ore las 
nearest the surface.' 


JThis method of discovers, although singularlv successful for Risihe 
and Htx)k, is not recommended. 

New mining districts are still being discovered In prospet tors, but 
because most of the ore bodies readily recognizable at ilie siirlan 
have alreadv been discovered, the rate is s er\ much less than w h.u 
it was a few decades ago. At the same time, geological metluxls h:i\ t 
developed to the point where they can be used in the disiO\er\ ol 

new districts also, but tliev mav never be as successful as xht t»M 

# • 

time prospector, because thev came into tlie field after so ni.uiv gic.it 
ore deposits had been discovered. 

The most useful tool of the geologist engaged in searclting fm 
new areas of mineralization is the geologic map. Siuh a map shows 
by colors or patterns, or both, all of the different t\jK‘s and ages of 
rocks which reach the surface. It also shows the relationship existing 
betsveen these different rock types, and the structure of the ro< k 
formation. In the present-day exploration of new regions, siu h .is 
Nesvfoundland and nortliern Canada, the first step has iKen the 
preparation of a geologic map. and as a result tiie search for new 
mineral deposits has been notablv successful in tliese areas. 

Placer prospeclitif^. Minerals such rs <gold and ib.i 
monds, which arc both more resistant to decav and hca\ ici titan tlic 

‘Rickard, T. .A. A Hislors of Amrriran Mining, p. ISO \e-.v S ,-.rk StO.UH M i 
Book Company, 1932. 
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common rock-forniing minerals, after being released from then 
MH.r.e r.Kks bv ^^eatherIng. become concentrated in placer deposits 
in stream beds, especiallv rchere an abrupt decrease in gradient takes 
place Prospecting for placer deposits continues to be largely a mat¬ 
ter of hard Avork, excavating through the stream alluvium and pan¬ 
ning die sands and gravels lying just above the bedrock surface. 
Houever. geological knowledge enables one to seek out the draina«re 
basins most favorable to die presence of alluvial gold, or diamond, 
or uhatexer is being sought. Geological maps, if available, should 
be studied and the riser systems that drain only sedimentary- rock 
areas rejected from furdier consideration. The search should be con¬ 
fined to streams that drain districts in which intrusive igneous rocks 
are knoivn to exist. Furthennore, cognizance should be uken of the 
'arieties of igneous rocks exposed. If placer diamonds are sought, 
the chances for success are many times greater if volcanic necks occur 
within the drainage basin, for volcanic necks have been the source 
of most diamonds. (Howeser, diamond-containing volcanic necks 

. scarce: most of these rock bodies are barren.) Platinum 
placer deposits are confined to drainage basins in which basic i^ne- 
ous rocks are exjxised. E\ en gold is more prone to occur where cer¬ 
tain types of intrusive igneous rocks are found. 

Lode prospecting. For ore deposits that contain 
minerals liable to be concentrated in stream placers, the placers 
tliemselves aid in discovering the vein. Miners have discovered gold- 
bearing lodes by ivorking upstream and panning the stream gravels 
at fairly close intervals until the grains of gold in the pan reach 
maximum coarseness and the gravel farther upstream proves to be 
barren. Then the procedure is to prospect up the sides of the valley , 
panning the soil until it likewise becomes barren. Excavation at tliis 
piint should uncover the "moiher lode.” 

Obviously the same rules of rock association apply to lode dejxrs- 
its as to placer deposits. Some metals, such as gold, tin, and nickel, 
iiave the habit of occurring only in certain types of rocks. For ex¬ 
ample. to prospect intelligently for nickel ore, one would first find 
areas in which certain dark-colored basic intrusives occur and then 
make a detailed search in those particular areas. Here the geologic 
map becomes of great importance, for the geologist with such maps 
available can determine in advance exactly where the sought-for as¬ 
sociated rcKk is found and confine his field search to those areas. 

Tn .iddition to the tvoe of rock, die environment also is of great 
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practical importance. For example, some deposits are naturalK i' 
fined to zones where an igneous intrusion Ixrrders rok rt-iept,\t: t 
the passage of mineral-bearing solutions escaping from the maom i 
at the time of the intrusion. Some rocks, such as liniotone. are moie 
susceptible tlian others to mineralization along coniatts. If the j;eo 
logic map shows an igneous intrusion in contact svitli limestone, tlie 
contact zone is a gotxi place to searclr for ore deposits. 

Bv no means all ore deposits are confined j _ 
many places the ore-bearing solutions have peneiraied suifuirntlv 
far out from the source magma tliat thev have entered sedinieniai\ 
rocks. Here again the susceptibility to die passage of solutions and 
die precipitation of minerals varies widelv. In some districts a limt 
stone or sandstone of a certain age carries the greater pan of the ore; 
the scientific prospector diligentlv searches for this particular forma 
tion in other areas. 


Even where a mineral deposit does not contain minerals that re¬ 
sist die forces of decav and therefore occur in placer deposits, ilit 
minerals may have other propenies which aid in their discoseiA. 
For example, psxite (iron-sulphidei. which is an abundant itan.{ue 
mineral in hvdrodiermal veins, oxidizes to a vellowish-brown lo 


drous iron oxide known as limoniie. This mineral so impregnau c 
the vein at die outcrop that it mav be p<zssible to recognize it tiom 
distant fxaints, and even in air photographs. The limonite c ipjting 
of a vein is called gossciri, or ‘blossom." Under faiorafile conditions 
minerals other dian psxite also produce a characteristic blossom .u 
die outcrop. Copper minerals are transformed to the readilv mog 
nized green copper carbonate if carbon dioxide is acailable I e.id. 
zinc, and other metals likewise have characteristic, but in most (asc-s 
less brilliantly colored, oxidization prcxlucts. Howescr. in a gir.u 
many instances percolating water has leached auav all the nietalli 


ferous minerals in the outcrop zone except limonite. Know ing this, 
prospectors have sunk shafts into countless limonite gossans in the 
hope of finding valuable minerals below the oxidized sec tion of tlie 


vein. Unfonunately, many veins consist onlv of pvrite. ejuartz and 
other valueless minerals, so that a great amount of time and mmu s 
has been wasted in futile exploration. An investigiuion was i- n 
ducted by geologists a few years ago for the purpose of detemnn.ng 
if criteria could be found in gossans which would be indicatisc 
the preoxidization presence or absence of ore minerals. The invest, 
gation was successful, and a set of criteria was developed b\ means 





t^Tactical Applications 

of ^vhich a minute examination of the material composing a gossan 

enables a geologist to predict the nature of the minerals occurring 
in the unoxidized vein below the gossan. 

Another guide to ore is based upon knowledge of mineral associa¬ 
tions. Many veins consist solely of gangue minerals. Such veins have 
been opened by optimistic miners tvho hoped that they would en¬ 
counter pay ore. The study of mineral associations has determined 
that some gangue minerals are most likely to be associated with ore 

minerals, while other gangue minerals are practically never found 
with minerals of value. 



Fig. 160. Placer gold miner with his 
gold pan. Within pan is his entire 
season’s harvest—about $1500 worth 
of gold nuggets and ‘*dust.” Cotton¬ 
wood Creek. Alaska. By Alex Liska. 

The ore-bearing solutions, in their travels outward from the 
source, arc ion trolled by the structure of the rock. If the channel- 
wavs originally lay in a permeable, sedimentary rock formation, then 
the ore-bearing solutions were confined to that rock and the ore will 
be concentrated where structural conditions, such as an upfold or 
anticline, taused a damming of the flow so that precipitation took 
|>la( c. The channelway may also have been a fault; in fact many great 
ore deposits occupy faults, so that they can be traced by geologic 
mapping of the fault itself. In other cases, where the ore-depositing 
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solutions followed joint cracks, a study of tlic frac tin t- sv>tctn ol i 
rocks aids in ore disco\ ers. 

Prospecting instruments. The most ianious of all 
prospecting instruments is the miner s pan Tig. IhO . The prospta 
tor shovels stream gravel, or loose rock detritus, into the pan and 
then adds water. The pan is tilted and agitated so that tlie hea\ ier 
mineral sn^ins. such as masmetite T black sand ’i and wark 

o o 

toward tJie bottom, and the quartz and other li'^luer ( on^titiu nts 
work to die top and spill out oser the lip. Quicklv ivith skilltui p.ui 
ning. onlv die vers heaviest mineral grains lin tlie case of <zold tlu- 
gold “dust”> remain in the pan to gise a clue as to the salue ol i!u 
deposit. 

The great deposits of residual iron ore in the western C.reat l^kes 
district have been thoroughlv prospected b\ anotlier method, lie- 


cause of the slight relief and a cos er of soil, glacial drift, swamp, and 
vegetation, these deposits are sen poorlv exposed. Howeser, certain 
iron oxides will attract a compass needle or other magnet. Bv luiliz 
ing this property, geologists have discovered and mapped the outlines 
of deposits of magnetic iron-ore both in the Great Ljk.es disiric t and 
in other parts of the world. The dip needle compass, the needle of 
which swings through a vertical arc, has been extensivelv emplosed 
for diis work, as well as the usual type of compass. The position taken 
by the compass needle, svhedier swinging in a horizontal or vtrti< al 
plane, in regions underlain by iron ore, is alwavs the resultant of the 
attraction of the hidden ore bodv and the magnetic field of the 
earth. A more delicate instrument for measuring the magnetic prop 
erties of rocks is the magnetometer, a device that has been used n..t 
onlv for discovering rocks of high magnetic intensitv. but also buried 


iron pipes and explosive mines. One development of ^Vorld ^\ ,^r 11 
was the air borne magnetometer, by means of which the airplam- 
became an effective discoverer of lurking submarines. It is exin-cted 
thM tlie airborne magnetometer will also have a peaceful role in the 
di^overy of hitherto unknown deposits of valuable minerals. 

Some progress has been made in recent years in the use of elec - 

meal instruments to detennine the possible presence of buried ,„c 

suTTa' * electrical resistisus 

o' "«er.sa.ura.ed In.i,,.,,I 

.,1 I . 

Some ore minerals possess certain Drooeniee i.„ .... 
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in>*r;nr.eni>. For example, scheelite, a valuable ore of 
riucitTKcni v:» tlie modem method of scheelite prospeci- 
a p^anab’e ulrra-violet lamp. Wlien used in the dark, the 
r:r\s pr<xluce a distinctive ^iow from grains of scheelite 
ti.e In a similar manner, a portable Geiger counter 

. .as L^een de\ ised to inform the prospector w hen he is in the sicinits' 
of radio:ic:i\ e ore minerals. 

rcr.-.r';. The usual miners rule to folloAc 
‘he ore v.herever it ^res/ although valuable, is not sufficient in 
modem r^ractice. T;:e pav ore mav dwindle and even disappear 
durin.r d.e roiio’ving of a \ ein. However, the profit-paving minerab 
m.av reao;>car elsewhere in the vein where local geological condi- 
lions ".' ere more favorable to their dep>osition. Follot\-mg the old 
fo.e miner miaht ceaie op>erating and j>erhaps miss an oppor- 
:uni:v to nnd more ore. or he miglit continue to extend his mine 
orkmo tv iil'.out return, acting merelv upon hope. "Dead work 
tunnels and shafts excastited in barren rock, is extremely expensive 
.tni should be paid for out of past or future profits. The application 
of ^eioio-iT'' to the mininj of ore deposits not only has led to the dis- 
co'-er^- ot additional dep:«sits. but also has lessened to a considerable 

extent the .imount of "dead work done. 

Tite tise of seolc^s^ data and research bv die mining industry in 

tite United States began with die publication, in the ISSOs Md 
1 f 'l-O s. of a series of monographs on such minin g districts as Leadsille 
tn C r iorado and Comstock in N estida written by able ^logisis on 
tite stall of the U. S. Geological Siirvev. These publications were of 
-ea^ ' e’D to the mine operators in solving their problems and in 

searci.inj for new ore bodies. The first mining company geol^cal 

formed at Butte. Montana, in 19C>0. Now most of the larger 

r.ttanies titroujiiout die world have such staffs. 

T e duties of' companv geolo'gisis are manv. One of the ^ 

s ti.e preparation of geologic maps. Tliese include bo^ 
- -he r. .nnations that outcrop at the surface and maps 
-.ervations and core drilling in the mine ismlangs und^^ 

^ro-nd T-.e surtace and underground maps in combination je a 

S:;; d-nensional picture of die geologs. Rock fo^aons and 
.Tn - s e“'O'ses of hsdrothemial alteration are mapped -heresy 
^ - - ad d e position of die rocks benveen exposures is mterj^ 

Su:rre.Tnng not onlv a trained geologist, but also the use of 
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The Search for Mineral Deposits 

a microscope. Maps made by the geological staff of a mining (mj;; 

pany include, in addition to geological formations and bcHnidaiu - 

the structural geology, such as the attitude of the nx ks at all point-, 

faults, and fractures, the position and thickness of \cins. and tin 

zones where the wall rocks are altered or brecciated. Tlie staff ma\ 

also map the surface topography, especially if the relief is great, be 

cause of the possible relationship between some of the features oh 

served underground and the topography and drainage at tlie sin Ik e 

Predictions can be made from these maps as to the presem e l a 

absence of ore in places not yet penetrated by the mine svorking-,. 

Some of the results which have been obuined tlirough the makin,’ 

and utilization of geological maps and from allied information ae 

quired by geological staffs are mentioned briefly in tlie following 
paragraphs. 


u 
rt(j 


(1) Maps give evidence as to the kind of channebravs used bv tl 
ore-depositing solutions. This information is important, assisting m 
only in following the known veins, but also in the search for hiihcrt 

undiscovered veins. 

(2) The structural and chemical conditions that caused the oo 
minerals to be deposited may become evident througli siudv of the 

Sed.^^^^^ environm. tu 

oJv geological maps of ore deposits make possible n. 

■»« ">“> be,.VC, ,l,c lova.,™, „f 

e ore bodies and the structure of the containing rotks. For exam 

pie, the ore minerals have been deposited in fractures and th 

structure map shows the fracture pauern or trends thmueh 

country rock. Tsvo different sets of parallel vertic il fr .rt 

present in many mining districts. In some localities the vcins'llcin 

extremely important because there the veins wiirie 1 '“'”"' 
haps richest. The extension of the directions of f 1' '• 

unprospected parts of the country rock a" m i 

where ore bt^es are likely to occiir. ^ other place s 

earlier faSTrnovemTmsI’Demil^^^^^^ h 

beL^nl^Y^b^rf thf cLm^Tock t''^ 

minerals, just as oU and gas tend to r ^folded, ibe ou 

tural mapping determines both 

these folds. location and magnitude ,d 

(4) Geologic mapping brines abm.i 

„11 rock on ore deporUion. ,f ,he „ap rhoXhr.I.e .'.'I 


>\ 
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Practical A pplications 

or its value increases where it passes through a particular type of 
rock, the map mav also show places not yet reached by mine oper¬ 
ations where this same or similar rock is intersected by the vein. Also 
some veins have a tendency to branch out along bedding planes in 
the ■wall rock, and the geological maps may show other places where 
such conditions are likelv to occur. 

(5) Certain tvpes of rock alteration or the presence of brecciated 
zones in the rock may signify that ore is nearby. Mapping these fea¬ 
tures mav lead to the discovery- of hidierto unsuspected ore bodies. 

(6) A detailed study makes possible the determination of the 
geological histoiy of a region, especially the relative age of the vein 
in respect both to the rocks and to periods of diastrophism. .As a 
result, the formations that are younger -than the veins can be recog¬ 
nized. Naturallv. prospecting in these formations tvould be futile. 
Post-ore deformation, especially faulting, is ill, of course, change the 
position of a vein. By means of a detailed geologic map, both the 
direction and magnitude of movement can be determined, and the 
geologist will be able to adsise the mine operator as to the shortest 

route to the displaced section of the vein. 

(7) The geological map also shows the depth of the zone of 
enrichment. If the" mine is operating entirely upon enriched ore, the 
geological staff by means of microscopic studies of ore speamens may 
be able to forecast the character of the underlying primary ore body. 

(8) By means of assay records entered upon the map, the per¬ 
sistence of the valuable minerals tvith depth can be estimated. If 
there is a steady decrease in value, it is possible to compute at aj^ 
proximatelv what lescl the increased mining costs and decreased 
returns Avill strike a balance forcing the mine to cease operating. 


The geologist is of considerable practical value to his companv 
,ecausc"ot his ahilitv to identify minerals, botlt in the hand speci¬ 
men and under the microscope. Several cases are on record of failure, 
oefore tlie davs of mining geologists, to recognize valuable minera s 
in ore deposits. The silver-bearing lead carbonate ores of Lea - 
ville and the gold tellurides at Cripple Creek were at first unr^og- 
nized and discarded. Changes in mineral content and texture from 
one part of a v ein to another are noted through microscopic 
,i„n nolUhed surfaces of ore specimens. These changes may be of 
uunos, importance as criteria of the character of the vetn beyond 

the present limits of mining operations. 

The en<^ineei in<T staff likewise benefits from the geo ogi p • 

mas csd trt ce.a,n ^ 

'Ir'ISd . osts. Xhes; pem,eab.e rones rs.l, be shosrn on 
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the geologic maps, and forewarning may permit a\oidanrc dui iii_ 
mine development Avork. In addition, the maps mas show the pK ^ 
ence of zones of crushed rock in Avhich tunneling would he both 
difficult and expensive. 

The explorations of ore bodies by diamond drills should be done 
under the superxision of the geological staff, who will first determine 
the location and direction of the drill holes and tiicn study and re- 
port on the cylindrical cores obtained during the drilling ojxraiion. 

The core drill is a very useful tool of both the geologist and tlic 
engineer. It is so named because it produces a solid cylindrical 
“core” of the rock penetrated. From the core, information can be 
obtained concerning not only the composition of the rock, but also 
its texture and structural relationships. The diameter of the core 
(and of the drill hole) depends upon the etjuipment used. Sizes 
range from less than an inch to three feet. Drilling holes with a dia¬ 
meter of five feet is a relatively new deselopment; its advantage 
lies in the opportunity given to lower a man bodily down the hole 

where he can obserse even more regarding the roc k than is pcmible 
with the core. 

The sampling of the ore preparatory to assaying is in diargc of 
the geological staff in some companies. Geologists mav be called ufxjn 
to estimate the reserves of ore in a mine and to make appraisals. 
Boundary suits based on the "apex” law, which states that the lex a 
tor of a vein possesses title to the vein from its high point, or apex. 
doisTi the dip as far as it goes, has led to a great deal of litigation in 
which geologists testify as expert witnesses. 


PROSPECTING FOR MINERAL DEPOSITS IN METAMORPHIC ROCKS 

The search for mineral deposits characteristically occurring in 
metamorphic rocks demands first a hunt for the particular tvpe of 
rock in whch tlie desired minerals are most likelv to occur. For ex 
ample, one type of asbestos is found only in serpentine, a green 
metamorphic rock, die origin of which was described in C:hapter II. 
Serpentine asbestos is mined in the province of Quebec, and else¬ 
where. A nickel-bearing mineral, known as gamiei ite. occurs in ser 
petine in New Caledonia. In this case the rock from whidi the 
serpentine was derived was a nickel-bearing igneous nnk. The 
minerals magnesite, talc, and soapstone are found in magnesium 
rich metamorphic rocks. Deposits occur in California, \ irgin.a, and 
elsewhere where this particular type of metamorphic rock ex.s.s. 
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Tlic sillinianite group of minerals used in making refractory 
orcelain for spark plugs and laboratory^ ware occurs in metamor- 
hic rocks whic h are unusually rich in aluminum. Such rocks occur 
a the Invo Mountains cjf California, in the southern Appalachians, 
no in se\eral foreign localities. Graphite occurs in metamorphic 
ocks where the original rexk was a carbonaceous sediment. Extreme 
letamorphism changed the organic material into flakes of graphite, 
iarnet. which is used mainly as an abrasive, occurs in commercial 
luantities onlv in schists. 

The general localities where these various metamorphic rocks are 

bundant are already known. The prosp.ector looking for a particular 

aineral confines his search to belts of favorable rocks. This procedure 

k'as followed witli marked success in the case of the sillimanite min- 

rals. About thirty years ago, laboratory investigations discovered 

hat these minerals could be converted into a spark-plug porcelain far 

nore durable than any in use at that time. However, no commercial 

# 

leposits o£ the sillimanite minerals were available. But it was known 
hat the Invo Mountains of California contain large masses of alum- 
num-rich metamorphic rocks. These were prospected with great 
are, and after months of search large deposits were discovered 
vhich are now being exploited. 

PROSPECTISG FOR COAL AND OTHER BEDDED ROCKS 

Coal is a sedimentary rock occurring in beds which lie parallel to 
he overlying and underlying strata (Figs. Ill and 134). However, 
jeds of coal mav not be as consistent in thickness as the other sedi- 
uentary rocks in the section, perhaps thinning down in places so as 
;o be not \\orkable, or csen disappearing entirely. The original 
uvamp in trhich the coal ivas deposited, although possibly covering 
umdreds of stjuare miles, nevertheless had ver)' definite boundaries, 
nid (oal ivould not be expected beyond the swamp borders. 

Coal mav be folded into anticlines and synclines, and it may be 
faulted. Fxtept in the arid southwest where steep slopes barren of 
rc'U't.uion ocian . coal docs not ordinarily outcrop because it is rela- 
lix'clv soft and slumiis readilv. so that it becomes covered 
ind loose ro. k and further obscured by vegetation. Many coal beds 
hai e been disiovercd ihrougli the digging of water wells, basements, 

ind road and railroad cuts. 

(.eolooists can determine the stratigraphic position of a coal bed 
and then pick up the bed in places perhaps many miles away, where 
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its presence had not heretofore been suspected. The first step is to < 
where the coal lies with respect to sedimentary formations, al)o\ e and 
below, which are well exposed and can be recognized at the oiitt rop. 
To do this the geologist measures the vertical section of the roc ks in a 
district, including whatever coal beds may be present. The next stej) 
is to map the surface geology and obtain elevations of outcropping 
formations at various points. With these data, a structural map can 
be drawn which will show the regional dip, anticlines, synclines, and 
faults. By using the outcrop and structural maps in conjunc tion, a 
geologist can detect almost at a glance the areas that are underlain by 
coal and the areas from which the coal has been removed by erosiem. 
Furthermore, with the aid of a topographic map, which gives the ele 
vation of the surface, it is possible to determine the depth to coal at 
any point. Places where the coal would outcrop were it not for a thin 
soil cover become apparent in this way, and test pits arc dug at the 
geologist’s direction so that coal samples may be obtained and the 
thickness of the seam measured. If the coal is too deep to allow dig¬ 
ging of test pits, the best procedure is to core-drill the ro( ks at regular 

intervals, in order that the coal may be sampled and the tint kness of 
the seam noted. 


The samples obtained at the test pits or by core drilling are an¬ 
alyzed to make sure that the coal continues to be of commercial 
grade. Then, from the accumulated data, the geologist i)reparcs a 
map which shows the thickness, quality, and depth of the coal at all 
points. Such a map is of invaluable aid to the operator, for it gives 
him the tonnage and availability of his coal, as well as information 
with which exploitation can be directed. 

Coal-bearing rocks that are faulted may cause trouble in mining 
because the seam is likely to end suddenly, leaving the miner at a loss 
whether to go up, down, right, left, or straight ahead in order to rc - 
^in the seam. The geologist, through studies at the surface and in 
the mine should be able to tell the operator the direction and magni 
tude of the inovement, so that the coal across the fault can be picked 
up again with a minimum of time, labor, and expense. 

The same general routine followed in prospecting for cal is used 
m .he search for all other bedded deposits. Examples of no.,.,„e, ,11. 
mtneral deptts whtch occur in sedimentary beds are limcn.nc i |!“ 
rock phosphate, salt, and gypsum. In addition, a few metalliferoii, .1 
postts have a s.milar environment. Some iron ores imb, I i' 
Clinton (Silurian, hematite deposits of the App.a;:;.,:i':':;tt i,::: 
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occur in beds, as do sandstone, shale, 
and coal. Other metallic deposits are not in themselves sedimentary 

in origin, but are confined to certain layers in bedded rocks. For ex¬ 
ample, some of the native copper mined on the Michigan Peninsula 
ivas deposited in conglomerates, the ore-bearing solutions using the 
pores between the grains and pebbles as channehvays. The great gold 
deposits of the Rand district in South Africa likewise occur in a bed 
of conglomerate, but geologists are in disagreement as to whether 
tliis gold ivas originally in the gravel as a beach placer or whether the 
gold iras introduced subsequently as was the copper of the Lake Sup¬ 
erior district. Hoivever, regardless of origin, both the copper and the 
gold occur in sedimentary beds, and consequently, the ore bodies con¬ 
form to the rock structure. 


TVE SCIENCE OF OIL FINDING 


Formerly entirely a matter of chance, the search for oil and gas in 
more ret ent years has become a science. Chance has not been com- 

4 

pletely eliminated, and probably never ivill be, for many wells favor¬ 
ably located from a geological standpoint prove to be failures. How¬ 
ever, the use of scientific method has brought about the discovery of 
hundreds of netv pools in the last few years, while those who drill 
^^■ithout benefit of geological information discover a smaller propor¬ 
tion of the neiv pools each year. In fairness to the “unscientific 
method,” however, it must be stated that the discovery of the great 
East Texas field was not due to recommendation by geologists, but 


was a magnificent piece of luck. 

Today all of the larger oil companies have geologic staffs. The 
peiroleum geologist has made his profession indispensable to the oil 
industry. Recognition of the value of geology in the search for min¬ 
eral icealth is greater in the case of oil and gas than in that of any 

other mineral resource. 

Methods in the search for petroleum can be classified into two 
ivpes: surface and subsurface. In the former case, the geologist draws 
all the conclusions possible from observations made in the field while 
traversing an area. Subsurface geology involves study of the buried 
rocks l)y means either of well logs, cores, and cuttings obtained from 
icells drilled in an area, or of records made by geophysical instru¬ 
ments (to be described later) which, though set up on the surface, 

()l)tain a record of tlie rocks at depth. 
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For manv vears the emphasis in petroleum exploration w as on si 
face ‘^eolcH’X'. Xos%'. however, so much of the surhtce \shere the nxK' 
are exposed and are favorable to the occurrent e * *f oil lias rxcn 
studied and mapped diat most areas undergoin:,^ investigation an 
those in which surface methods are impossible and su!»urLnc incth 
ods must be emploved. 

The seolorist assigned to surface studv of the oil {>jssibi!ines of a 

O ^ ^ * 

rerion covers his area with great care. He travels bv whatever :ncan> 
the countrs affords, using automobile, horse, and boat where j>''xMb;'e 
Much of the area is covered on foot: in some cases the entire 
must be done in this wav. \'aluable geological information i.an be 

W 'W 

obtained in some regions bv photographs taken from an airplane 
One of the things looked for bv the field gei^h*'gisi is an% snrfate 
indication of oil or gas. Oil mav seep to the surtace. fi.)rming a spring 
or, as is more often the case, it is brought to the surfai e b\ water on 
which it makes a readilv identifiable film. Oil at the surface tends to 
thicken into asphalt due to tlie escape of its more xolaiile constit¬ 
uents. Gas seeping to die surface mav either emerge from the rot k 
with a hissing sound or it mav bubble up through niucl. creating u hat 
is knossm as a mud volcano. Oil and gas seep>s. hr>we\ er. are n< nei e<. 
sary to the presence of oil at depdi. In fact, seeps are unknown in the 
neighborhood of most of the great oil and gas fields of the Mid C>>n 
tinent region. The mere presence of a seep is indiraiii»n that the 
hvdrcxrarbons have opportunin to escape, a condition which does not 
make for accumulation in great quantitv. But where the strata au* 
verv much contorted and faulted, the reservoir rrxk that is cut bv a 
fissure at one point which permits the escape of oil mav. a \erv sIm i i 
distance away, be folded into a perfect trap from which there h.is 
been no escape. This is the condition in California and in manv of 
the foreign fields where oil seeps and asphalt lakes are tairlv conunon. 
In the Mid-Continent, the strata as a usual rule have a v en gentle dip 
and the oil and gas occur in structural traps which lie manv miles 

from the point where the reservoir rocks crop out and wiiere liie few 
seeps found in that region occur. 

In addition to looking for pc^ible surface indications, tlie ix^iro- 

leum geologist while traversing an area records die folloiMir,- ,>eni- 
nent obser\'atiom; * 

l..« r«L. 0.1 acun.u 

lates in commercial amounts only in sedimeniars nxks .with in 
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significant exceptions) . so that those pans of an area that are under¬ 
lain b\ unLOu> and metamorphic rocks can be ruled out as pos¬ 
sible oil lerrirorv. 

-1 1 he piesence of possible source rocks. These are carbona¬ 

ceous rocks or oi'ganic limestones which were deposited in marine 
\\aiei> fairh close to shore. Where possible source rocks are absent, 
the chances for oil are less. 

The presence of possible resenoir rocks. If the rocks M-ithin 
drillable depths do not contain penious beds there will be no place 
m whkh oil can be stored. The age of potential resenoir rocks is 
also important, because if they are the same age as formations which 
contain commercial quantities of oil elsewhere, they give greater 
j>roniisL than if they were non-productrve in other fields. 

' 1. \\ hether possible resenoir rocks are overlain by im{>en ious 
strata cap rockNt : oihencisc oil and gas will have had opportu- 
nit^ i<.) (-scajse. 

■ 3- Whether the thickness of the sedimentaiy series is adequate 
to make exploration justifiable. In some areas tlie pre-Cambrian 
■'basenieni'* rocks are covered bv but a few hundred feet of sedi- 
nuiu. It would obviouslv be a mistake to recommend testins: such a 

r O 

thin section of strata. 


u)) If the rocks are severelv folded, whether thev have been so 

s(juee/cd and heated during diastrophism that any oil originally 

piLseiu has been destroved. Bv anaivtical methods in the laboratory*, 

1 # ♦ ^ * 

tne detrree of metamorphism of coal or any other carbonaceous rock 
in a district can be determined, and from this figure it is possible to 
make a fairlv definite conclusion as to whether petroleum, which is 
a rclacivelv vulnerable substance, can have surydved. 

(7' The sedinientarA rock section should be examined and meas- 
urcil in detail in order that (a) iiTcgtilarities including angular 
urn onforniiues and variations in thickness of different units may be 
noUtl. ibt the presence may be discovered of soluble rocks that 
miulu be dis>olved in some places so that the overlying rocks have 
sluinpvd. and (C) the geologist may be able to map the outcrop- 

pine' tr>i'mation''. 

Finalh . h\ means of instruments, the field geologist maps tlie struc¬ 


ture. or int lination. of the sedimentarc rocks. The structure map 
show s tiit lo< arion of the svnclines. anticlines and faults. These data, 
in (i njunuion witli tite measurements of the stratigraphic section. 


make |)i>svil>le tlie determination of the depths to possible resenoir 
rockv in am [.an ol the area. The field maps also yield information as 
to the 'i'e of the area supplving the oil which has migrated up-dip 
until . in an anticline or otlier trap. The larger the “gathering" 

,rc i i!ie m^eater im 11 he tlie amount of oil stored in a pool, provided 
‘l.’r other factors are eoual. Faults, if present, are mapped in detail 
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and obser\'ations taken as to whether such faulting may ha\e had n. 
possible effect on the retention or escape of oil or 

With all these data available the geologist is in a position cither la 
condemn an area as lacking oil and gas possibilitic'* or lo rci oimiiLnd 
that it be tested. In tJie latter case he E^ixes the hKatioii ol liic /no>i 

Vw 

favorable place in the district and reconiinends that the in\r he 
drilled there. Economic factors, of course, also enter into the pit ruie. 
The cost of drilling and the availability of market must be taken into 
account, as well as geological conditions. 

Great evolution has taken place in the last feu years in siibsiii l.u c 

methods of petroleum geolog^, When a well is drilled tor oil, mi 

water, tlie driller makes a log of the different formations and tlicir 

depths as they are passed through bv the drill. He mav alstj take and 

save the core of the hole if his drilling equipment is of the t^pe that 

makes this fiossible, or he mav save the r<xk fragments or t uniyii;^ 

produced by tlie drill. Needless to sav. the records of deep wells. 

whether or not die wells are successful in liieir quest, are of great 

value. The structure of a deeplv buried formation mav be map}>cd 

over a wide area by means of these records. Subsurface strut ture ma{» 

have been made of most oil fields and of many areas thus f ir non 
productive. 

The discovery of the greatest of all oil fields, in eastern Texas in 


1930, focused attention on die so-called * stratigrapitic trap.” I lu re 
Cretaceous sandstone of wide distribution pincites out on the side 
a large structural dome, the highest point of whic h is in northu c-sit rn 


Louisiana. Oil moving up die dip of this highlv permeable me 

from a basin in nordieascem Texas has been effettnclv ir q.jKd In 
its pinching out. In other fields oil has been trapped b\ the uj) din 
disappearance of permeability, or by damming where an iiuHiud 

an impervious laser at an uiuon 

fonnity. None of tliese oil traps can be discovered bv surfa, e . .bst ,a 

tion, but evidence of their existence can be obnm^ fr i 

oe ooiainea rrom subsurlaic 

records. This method of exploration for new oil jjo„ls will m a!] 
probability be even more effective in the future than ,t is at nresen. 

Where the b«i rock i, obscured bv deposits „( sand, travel .i,. iai 
dnft, and other types of mantle rock, oil companies mav „,.n, ,|„ 
structure of the burted foimations by using a core drill. This tlr.ll i. 
set up ^Bmte mtervals. and a hole is drilled down to tv. ... 
nirable bed rtKk formation. By measurement of the depth „l .lo 
formation and determination of the surface elevation .,t the tl. ill 
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le elevation of the buried formations can be obtained at every' point 
rilled. Then the construction of a contour map showing the struc- 
n e of the buried rocks is a simple task. 

CTeoplivsical instruments are so named because they apply certain 
n\ s of phvsics in a studv of the earth's crust. The three most corn- 
ton geophvsical des ices used in petroleum exploration are the gravi- 
leter. seismograph, and magnetometer. These machines are based 
pon different physical latvs and consequently have no resemblance 
a each other. The giavimeter depends upon differences in the pull 
f gras itv at different places. For manv centuries physicists have real- 
zed that a plumb bctb or a pendulum is deflected from the vertical 
rhen set up close to mountainous regions. This deflection is due to 
he fact that the great mass of the mountains exercises gravitative 
ttraction upon the plumb bob or pendulum. Similarly, where rocks 
)f abnormal specific gravity (density i occur beneath the surface, their 
jresence can be detennined by gravity instruments. 


The seismograph is an earthquake-recording machine. Elastic 
vas es caused bv an earthquake travel tlirough the rocks and reach 
leismographs set up on the surface at different times, the length of 
ime depending upon the distance traveled and the elasticity of the 
r.xks encountered. In petroleum exploration, an artificial “earth- 
niake" is produced bv exploding dvnamite at the surface, and records 
if the shock are obtained bv several conveniently located seismo¬ 
graphs. The waves produced by the explosion travel down toward the 
center of the earth, but formation boundaries, where rocks of quite 
different character, such as shale and limestone, make contact, reflect 
some of the waves back to the surface. Bv means of seismograms fthe 
re. ords obtained bv seismographs), it is possible to calculate tlie dis- 
t „ucs downward to tlie different reflecting surfaces so that the struc¬ 
ture ol the buried rocks can be mapped. The seismograph has been 
.uc.cssfulU used in discovering such buried features as salt plugs. 

"Theallo^TpInvingc^i^^ illustration (Fig. 1^1) ^Uows hc^ 

,l,e reflea.cn seismograph. M.ins “i die 
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the recording truck. The seismogram recorded at cadi station 
shows the time of the explosion, and the time of the arrival 
of the reflected waves. Obviously if the time interval between 
the explosion and the arrival of the reflected waves is shorter 
at station A than at station B the buried formation rises between 
B and A. As a matter of fact, by applying earthquake-wave v elo< - 
ity formulae, it is possible to calculate the depth of the reflecting 
rock at every point lying between the explosion point and ea( h 
seismograph station. By determining surface elevations with survey¬ 
ing instruments, the elevations of the points on the buried rock for¬ 
mation can be calculated. By systematically covering an area witli 
explosion points and seismograph stations, it is possible to obtain 
sufficient subsurface elevation data to permit the construction of a 



accumulation of oifor'^^'^** for structures favorable to the 

earthquake has been"e^ed^y JeJn ^ - artific.al 

bottom of the “shot hole" Somi^ofthr ® ^ cfi-'rge of explosives set in the 

upward by the more rigid rock layers F ^‘^afed by the shock are rellccKd 
travel from explosion to reflect 0^;.! <0 

rock stratum can be determined fL eTch"" ‘he depth to the bc<l 

surface elevations the bedrock elevaf ^ pomt. From these data and 

absence of anticlines or othel^structu»?r“I! and the presente or 

shown at upper right. Courtesy Seismogra^Se^^fe. Snsmograrns 
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'ruchirr , nUony map. The latter will show the configuration of the 
inied luck loiniation in the same wav that contours are used to 
low the configuration or topography at the earth's surface. Where 

ach maps prove the existence of domes or anticlines, these are 
"Steel for oil bv a drilled well. 

A less 


eismo 


is used method is the refraction method of prospecting with a 
;rap!i. In this case the interpreter uses the record of waves 
Inch have been refracted (bent) upon entering the formation being 
lapped, and whieh return to the surface at a considerably crreaier 

• O 

istaiue h om the shot point than do the waves which are reflected off 
he upper boundary of the buried fonnation. 

Ma^tnetomeicrs measure variations in the masrnetic attraction of 

' O 

luried rocks. Theoretically the rise and fall of a laver of magnetic 
ixk, slu li .IS a sLindsume containing abundant magnetite, would pro¬ 
ne e var\ ing magnetic intensities at the surface. However, magneto- 
ncter vceovds are not as easv to interpret geologically as are those of 
Ilf seismograph and gravimeter. Therefore this instrument, although 
mich cheaper to operate, has not had the success of tlie other two. 

Considerable experimentation has been carried on in recent years 
\ ith electrical instruments. Some have been useful in discovering 
ert.iin tvpcs of ore deposits and in finding shallow bexiies of ground 
cater, but so far thev have not proven consistently successful in map¬ 
ring the structure of deeply buried rocks. 

Manv fields of the Gulf Coast and Mid-Continent regions have 

leen discosered during the last five years by the use of geophysi- 
al instruments. In fact, more salt domes have been discovered by the 
ifismogr.ijili and gravimeter than were known to exist before the 
icheiu nf geophvdcal instruments. Up to the present time, no device 
i.is been invented that will determine the actual presence or absence 
)f oil. .Vll of the accepted instruments now in use are confined in 
:heir sope to the discoveiw of rock structures favorable to the accu- 
mul.uion of oil. Manv devices have been put forward as capable of 
;letecling oil. but none as yet has proved to be successful. The nearest 
inpro.Kh has been a method known as soil analysis. This method is 
l. i.ed on the assumptions fU that no rock is completely impervious 
the b ditest hvdrocarbons have been able to escape from an oil 
dcpoMi to the surface, and (2» that as these hydrocarbons passed 
throu >h the scul at the surface traces adhered which can be deter- 
„„„cd In miercK l.emical aiialvsis. Although this method has not lived 
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up to early expectations as yet, it is still possible that ^eatcr f*;. 
ment of analytical procedures may make its use feasible. 

Instruments which their inventors claim will detect buried oil 
pools are knos%mas “doodle-bugs” by men in the petroleum industrs . 
The “doodle-bug” is the modem descendant of the di\ ining r^xl used 

o ^ 

throughout historic time by persons with alleged nnstital jxjwers 
for locating minerals, water, and buried treasure, and for detecting 


criminals.^ 
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CHAPTER 14 


Geology in Engineering Projects 


Some of the methods used in the at- 
tempt to control destructive geologic forces, such as those causing 
soil erosion and disastrous floods, were described in various chapters 
in Part Two. The methods employed to combat these forces are 
essentially those of the engineer. This chapter describes how the 
methods and knowledge of the geologist are utilized to solve some of 
the problems encountered in engineering construction. One function 
of the geologist is the locating of adequate supplies of needed rock 
materials. Another direction of activity is created by the ability of the 


geologist to appraise the suitability of a site for reserx'oir, dam, 

bridge, tunnel, or other engineering structure. 

The last fetv years hase seen great expansion in large-scale engi¬ 
neering construction. This growth has been accompanied by a growth 
in the profession of engineering geolog>', which covers the application 
of aeolocn- to engineering problems. As a result, both money and lives 
liave been saved. Engineering history is marked by failures of dams 
and other structures: in most cases these catastrophes were due not to 
erroneous calculation of strength and design of structures, but to 
failure of the rock in the foundation, the inherent weaknesses of 
ivhich ivere not appreciated because no adequate investigation had 
been made bv an engineering geologist. It is. of course, absurd to 

place a mass of reinforced concrete of much 

Length upon a natural rock foundation too weak to hold it: yet this 

has been done manv times in the past. 

MaleMs surveys. Many engineertng projects requne 

natural materials, such as stone and sand, which are obtained Itxally. 
T1 rdurof a geologist employed on such proj^ts ts to locate 

I osft of the needed materials as near-by as possible, so as to avmd 

forinn rosts The oreologist must also make cer- 
unnecessary transportation costs, i ne ^ 
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tain chat all rock materials used are ot proper quality , adding _ 

techniques of his own. such as microscopic investigation, to tnc--. 
already employed bv the engineering staff. 

^^ate^ials sur\e%s are needed ^chere highwa\s are being surfaced, 
where the banks of streams are being protected bv riprap, and here 
dams, aqueducts, breakwaters, jetties, and other large structures are 
L'eine erected i Fig, 162). 

Riprap is the material used to prevent lateral erosion of river 
banks, especially on the outside of meanders. If scone is used for this 
purpose, not onlv must tiie geologist find adequate supplies as cl<.>se 
as possible to the project, but he must also ascertain that the scone 
used is insoluble, resistant to abrasion bv running water, and resist¬ 
ant to decomposition tiirougli atmospheric attack during low-teater 
stages. The joints and other planes of eas\ fracture must be spaced far 



Fig. 162. Aqueduct-the Ail .American ( 

.^izona. Bv permission Spence Air Photos, 
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enough apart so that blocks too large to be moved bv river currents, 
e\ en in times of flood, can be obtained. Likewise, the stone used in 
the construction of breakwaters and jetties must be of a type which 
will ^^■ithstand the various agents of destruction to which it will be 
exposed. 

A large market for rock material is in concrete a^^e^ate, used in 
the construction of buildings and various engineering structures, and 
for road surfacing. An essential constituent of concrete aeereeate is 


oo 


sand, tchich may be found in the beds and flood plains of modern 
streams, or in terrace deposits which are flood plains of ancient 
streams. Other favorable localities for sand are delta deposits which 
were formed in temporary lakes that fringed the great continental 
glaciers of the past, dune areas (although in manv cases dune sand is 
too fine for use in concrete aggregate) , and ocean and lake beaches. 
An equally essential constituent of concrete is the coarse aggregate, 
which may be either gravel or crushed stone. The search for gravel 
covers the same ground as the search for sand, except that windblown 
'sediment is rarelv, if ever, sufficiently coarse to be classified as gravel. 

# 4 

If crushed stone is used, the rock must meet rigid specifications as to 
hardness and durability. Organic material, clays (which swell on con¬ 
tact Avith water), and rock liable to disintegration because of cleavage, 
porosity, or other property must be avoided. Locally obtained vol¬ 
canic ash, or pulverized volcanic tuff, has been added to the ingredi¬ 
ents in making concrete in some construction projects, notably the 

Los Angeles aqueduct. 

Rock materials are used also in the construction of asphaltic roads. 
In one tvpe of road, liquid asphalt is obtained either from petroleum 
refineries, ^vhere it is a byproduct, or imported from a large natural 
asphalt deposit such as the one on the island of Trinidad in the Brit- 
isli West Indies. This liquid asphalt is mixed with locally obtained 
sand and poured on the road being surfaced. A second type of asphalt 
road is made from a natural mixture of rock and asphalt occurring 
ivhere petroleum seeping to the surface has impregnated tlie rock an 
soil and has become asphaltic due to the escape of the more 
hvdrocarbons. In Uiis case the impregnated rock is crushed and rol 
onto the highwav surface. It is the cheaper method of asphalt road 

construction in regions where natural deposits can be found. 

Manv secondan roads are surfaced with neither concrete no. 

JL into a fairlv hard surface. Jfaterials which may be used m th.s 
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way include sand, gravel, and crushed rock. If rock is used, it iiitiNi 
meet certain specifications for durability, and also it must so ut 
that it can be economically quarried. In a few places, notably alon^j 
the Front Range of the Rocky Mountains, granite has dec oiii[)()se(i 
into a loose granular aggregate that can be scooped uj) and used m 
surface roads, making an excellent secondary road surfac e. 

Reinforced concrete has largely displaced dimension stone in the 
building of engineering structures. Where stone is desired for fat im;. 
it is necessary to find quarry sites in sandstone, limestone, or massive 
rock. 

The availability of abundant supplies of water is a necessity in all 
large projects. Where a camp is built to house the workers, water <*1 
good quality must be secured to take care of human needs. If sui f uc 
water of satisfactory quality is not available, a geological investiga¬ 
tion of the ground water resources must be made. 

sites.^ Building a dam involves more than 
merely pouring a lot of concrete or heaping up a pile of dirt. First the 
ability of the valley above the proposed dam site to retain water must 
be investigated, as is discussed in the next section. Next, the ability 
of the rock beneath and abutting the proposed dam to withstand the 
weight of the dam and at the same time prev ent the passage of water 
must be determined. A large masonry dam has enormous weigiu. The 
water impounded above a dam likewise has great weight, whidi 
presses against both the dam and the underlying rock. The water 
near the bottom of a reservoir is under enormous pressure, whidi 
forces It into the smallest of openings. As a matter of fact, no ro( k or 
concrete is entirely impervious to water under great pressure and 
some leakage beneath, around and through a dam is inevitable. How¬ 
ever the leaking water must be prevented from attaining any annre- 

ciable velocity or it will scour larger openings, and breaching ol the 
dam will follow. 

Physical tests of the foundation rock, including determination of 
permeability and crushing strength, are not sufficient. Water under 
enormous pressure forced through the pores of a rock over a period of 
years may produ ce physical effects and chemical reactions that cannot 

1 During the preparation of this and the following section serl.. f 
symposium on -Geology and Engineering for f i d . ^ ' 

American Institute of Mining and Metalliirginl F Rcsenoirs. • puhlishcd In th.- 
1929. was freely drawn upon.^T^e an ^or of 
Bryan. O. E. Meinrer. Carles Termri C H 

Ohrenschall, C. K. Wentworth, L. C. fle;n, and H T Stearns" " '' 
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W' force,iNt In laboratorv testing. The abutting rock has to withstand 

1 alb t. hanged L^eolo'^ical < onditions als( >. Not onlv is water forced 

into it under pressure. ])ut also the 'water table inav be raised to 

# 

lieights not reached heretofore, and this changed condition may 
niateviallv alter the character of the rock. 


A geologist called in to investigate and report upon a proposed 
dam site I'las three subjects to co^er: the overburden, the foundation 
and abutment rock, and the reser\'oir (which will be discussed in a 
separate sectionh The studv of the overburden (and of the bedrock 
is usuallv aided bv core drilling at manv points across a vallev. These 
drill holes determine the depth to bed.rock. make possible the secur 
ing of samples of both overburden and bed rock, and enable the 
geologist to obseiwe the character of the overburden before renderinc 
a decision on the necessitv for excavation. 

Fov testing, pits may be dug or holes driven by hand intt 

tlie oTOund until rock is encountered. In the latter operatior 
either a soil auger is rotated through the dirt, or a steel bar is driver 
downtcard. 


It is tlie custom in vounCTcr vallevs to remove the overburden com 
pletelv and foot the dam on bed rock. Througli physiographic stud 
h-s. t!ie c^eolomst mav be able to make fairlv close estimates of tin 
depth and character of the overburden witliout recourse to drilling 
MoAvcc er, tliis metliod is hazardous, for in some instances tlie bed 
rock floor of a vallev is further incised by an older channel, whici 
incre.tses both the volume of alluvium that must be removed and tin 
d/e of the dam itself. In one case on record, a buried channel la 
hcttceen t\\ o test borings onlv 50 feet apart, and its presence r\as no 
cali/cd until the overburden had been removed down to the rod 
door of the main vallev. On large projects, such as Hoover Dar 
Fiiis. F' '' and 101.. the vallev floor is contoured by topographic sui 
mA .uid the underlving bed-rock floor is contoured by means c 
di.unond-drill holes so that complete information as to the thicknes 
and \o!ume of the oserhurden is available before operations con 


mcluo. . . . _ 

In tlw older and wider alluvial vallevs. since it is impossible c 

nniu-aciical to excavate to bed rock, the dam is footed on 

Tliis ( alls for quite a different procedure, which will be described i 

.a subseciuent paragraph wliere permeable foundation rocks are di 

ensued. 


Not 


( » 


„|v ihe foundation rock be .able to bear the teelght t 
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the dam, bur it must also resist the tendency of the dam to overturn 
due ro the pressure of the impounded ^\'ater. Xhe competency of the 
rock to ^vithstand these vertical and torsional forces must be judged, 
A foundation mav fail mechanically bv beinsr unable to withstand 

- 4 J 

the thrust force, or tendenev to slide or shear, exerted upon it by the 
[pressure of the rvater behind the dam. If this pressure overcomes the 
frictional resistance offered by die foundation material, the dam will 
slide downstream. The slipping or shearing rarely occurs between 
the dam and the foundation, but is almost always a movement within 
the material of the foundation itself.”“ 

Hoivever. more dam failures result from the escape of water 
througli the rock beneath a dam than through sliding and shearing. 
Some seepage is to be expected, because even rocks that are otherwise 
fairlv impervious contain fractures through which water can move. 
If the rock is composed of none but very insoluble minerals, these 
crevices do not enlarge and may even, in time, become smaller 
through gradual filling with silt carried by the seeping "water. Cases 
are on record of silting up of rocks to such an extent that seepage 


noticeablv decreased. Hoicever, if any soluble minerals are present, 
either in the rock or in the cement binding the grains together, seep- 
a^Tc water widens the openings and the volume of escaping water 
steadily increases. IE steps are not taken to remedy this condition, the 
seepa-e rcater will before long attain sufficient velocity to scour 

channehvavs. and disaster may follorv. 

Soluble rocks, inherently weak rocks, and permeable rocks give 

trouble ichen used for dam foundations. The soluble rocks include 
mainlv limestone, dolomite, and gspsum. In such rocks not only do 
joints and fiss.ires enlarge by solution, but the rocks may also be 
Utremelv cavernous initially. Impure limestones, however, are not 
as read.lv soluble and have been used successfully tor dam lootings rn 
some tnstances. Sandstones and conglomerates m winch the gmirn 
,rc lield loeether bv soluble cement, such as calcite or gypsum, te 
‘to lose the.rcc.nent and crumble when water under pressure IS forc^ 
into tl.e ro. k. no matter how impersious the rock may have been 

The failure of the St. Francis dam in Cahfom.a was due to 

O.is ..mditiom ,,, 

are !arial,ie in their reaction. Man- soften when impregnated wrU. 



2 Glenn. I- C... op. cit., p. IM. 
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water and become dangerously slipper). Fault gouge, finely crussn i 
rock powder lying between the two walls of a fault, mav act in sinn 
lar fashion. Some basalts are so highly vesicular that they afford a> 
many channelways for the mo\ ement of water as does a higld) < a\ ern- 
ous limestone. In addition, the polygonal vertical joints whith pro¬ 
duce a columnar structure in lava flows furnish further opportiiniiy 


for water movement. Some schists have pro\en to be satisfac torv 
foundation rocks, but. if partiallv decomposed, the altered, softer 
minerals make planes of weakness through the rock because they lie 
in schistose bands. Serpentine, a green altered igneous rock, is 
another inherently Aceak rotk. 

4 

A condition of weakness mav exist also because ‘ hard and soft 

/ 

materials, such as limestones or sandstones and shales or clavs, are 
often inlerbedded in alternating lasers and are likelv to form a 
treacherous foundation, especially where the hard layers arc the more 
prominent and the softer ones are either so thin as to appear negli¬ 
gible or, when freshiv excavated, are so firm and hard as to appear 


pertectly safe. The softer layers may flow under the weight of the dam 

and cause a slight settling that would lead to the devcloj)mcnt of 

cracks and the failure of the dam .... The citv reservoir at Nasin illt. 

_ # 

Tennessee, failed some vears ago because a portion settled slightiv. 
cracking and slipping out by flouage and sliding on such a thin (lav 
layer between harder limestone beds.”" 

Structural weaknesses of rocks include faults and shear zones. 

Faults are often troublesome. In a region that is free from earrh- 
quakes further movement probably will not occur along old fault 
planes, but in eartlwjuake regions such movement is not improltablt. 
as witness the displacement for mans miles along the San .\ndre.is 
nft in the California earthquake of a few years ago. Es en tvhen there 
seems to be no danger of further movements, faults introduce planes 
of weakness in the rocks and provide seepage channels and [icrmu 
upward pressure beneath die dam, all of which are undesirable and 
should be avoided if possible."^ However, it has not alwass been pos¬ 
sible in California to avoid faults in dam construction. • 

Shear zones are masses of crushed rcK k resulting from eartli mo\e 
ment. These zon es mav not be readily recognizable at the surface but 

3 Glenn, L. C.. op. ci/., pp. 105, m. 

4 Glenn. L. C. op. cit., pp. 109. 110. 

..... c..„ 
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mav extend to great depth. The rock in shear zones is both smir- 
turalh weak and ^ulne^able to the passage of water under pressure. 

Needles* to sav. high and hea\"\ mas<jnr\ dams are not kno\%-ingl\ 
built on weak or permeable rocks of the tvpes just described. How- 
ex er. dams are built on alluvial dejx)sits which are intrinsically per¬ 
meable. composed of silt, sand, and even grax el. But die ivpe of dam 
constructed is quite different from the txpe Uiat can be footed 
directly on bed rock. Instead of concrete, earUi is used, and the dam 
‘ must be a loxv one in order to keep down the pressure and conse¬ 
quent tendency to leakage, and the base of the dam must be extended 
far enough upstream and doxvnstream that it, either alone or in con- 



through the sands beneath die dam as to give a frictional resistance 
sufficientlx high to prevent harmful seepage.'*’^ 

The rock beneath the doxenstream side of a dam must be able to 
withstand die scouring effect of the water that floxvs ox er the dam or 
spillxv ays. Hoxvever, this erosion can be diminished by proper design 
of the dam and through the construction of a protective apron. 

At the dam across the Mississippi River at Keokuk. Iowa, the con¬ 
crete apron at first proxided to protect the horizontal, thin-bedded 
limestone below the toe of the dam from scour xvas found to be insuf¬ 
ficient. In less than a vear much of the limestone had been tom out 
and heaped in great piles somcxvhat loxver doxmstream, so that addi¬ 
tional protection became necessarx'. The failure of the dam at 
Austin, 1 exas xvas due to sliding on the foundation because the 
do^vnstream toe xvas being undermined by erosion. . . . After six¬ 
teen months flow of the ^les, the diem limestone on xvhich the 
Wilson dam at Muscle Shoals rests vas undermined to a depth of 10 
feet in places at the toe, and blocks of limestone weighing 200 tons 
were tom loose and piled up some distance below it.' 


The rock walls at die sides of a vallev into which a dam is tied are 
knotMi as die abutments. They mav be considered both part of die 
dam and part of die resen oir. Some leakage is to be expected around 
abutments, but if the percolation grows in volume remedial steps 
must be taken. The chances are diat the abutment rock is more 
decomposed than die foundation rock because of greater exposure to 
the atmosphere. However, in die higher parts af die abutment, the 
pressures are not as sei ere, and the rock, even though weaker than it 

'Glenn. L. C- op. ni.. p. 1C»6. 

T Glenn. L. C.. op. of., p- 
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is beneath the dam. mav be strong enougn. me auuuncn. . 
should neverthele^ be given just as close scrut.nv and snulv a> 
foundation rock. Disasters have occurred through ilu fauure of ahuc- 

menis. , ^ ’ 

In order to emphasise not onlv the desirabd.tv but .a;.o lue no .s- 

shv for cooperation between geologists and engineer, in me cn^tru. 

tion of dams, a few cases of dam failures and their cause, are en in 

the follordng paragraphs. , . , r i 

Probablv freshest in the public mind of the L nued States ' ’C 

failure of the St. Francis dam in California on March l a. 1. n 

this dam broke it allowed a great resersoir full of water to paur .ud 

denly down a steep-walled valley to tire sea. causing appalling lus. - 1 

life and great propertv damage. The St. Francis reserroir wa. a p.iri 

of the aqueduct svstem supplving water to the cits of Los .Xngelc' 

fnfortunatelv, the construction of tliis dam uas not preceded bs .i 

geological investigation or tlie dam would not have been built svlicrc 

it \s-as. Follorving the disaster at least three geological investigation. 

were made. About tsvo-thirds of tlie cLam svas fo<jted on mica m hi.t 

and the balance upon a fresh water conglomerate. The contact be 

tween the schist and conglomerate is a fault, but there is no es idem c 

of anv recent movement along tiiis old fault plane which (oultl h.ne 

been the cause of the failure of die dam, A few paragiapl)' trum j 

report made after die disaster follow: 


When dry, the conglomcraie of the dam-siie is faiiiv firriK .u 
though it is bv no means a strong rock. A lesi. made for iIk ''i ' 

investigaUDg commission, gave a crushing strength of jxjuiui' ^ < 
the square inch, whereas the concrete of the dam ha> a ^UTiiUTli nl 
2,000 pounds to the square inch- \Vhen wet, howestr, the rock 
a remarkable change. A piece about 2 inchc-s in diamtui ul( n 
the northwest abutment of the dam at a jX)int dirtetiv Ixn* iih 
former structure, when placc*d in a beaker of water Ix uins to 11.ct 
and crumble and in about 15 minutes slumm to the of th; 

a 

vessel as a loose gritty sediment that can be stirred .iIkhii wiih 'dic 
finger. Ex-idently the panicle-s of the conglomerate art held i-rgnlicr 
merely by films of clay and when the mass is wet pratti« .IK all cMhc 
sion is lost. Even the fractured and faulted j-ebblcs fail aj aii int . 
small fragments. 

The conglomerate is traversed bv mans small vtinl. t. of ir, jwum 
and it is probable that this mineral constitute. pan of the c ni< nt 
that holds the rock together when dr\. 1 he solubilitx of gsisMirn i. 
well know-n, and the prc-sence of this mineral prohabi . c .mribuo s ? . 
the rapid disintegration of the mass when wet. 
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Quite aside honi any possibility of movement on the San Fran- 
ciMpnto l.uilt. It IS plain that the dam. othenvise a s.ell-designed and 
wol .built sniirtut-c. tvas planned without adequate knowledge of the 
geological fcatuies of the site and without proper consideration of 
the snuctiirc and materials of the rocks upon which it was to rest 

It IS probable that the dam failed initially at its nonhwestem 
cm . As the conglomerate became water-soaked, the cementing dav 
and ppsum were softened and dissolved. The supposed rock upon 
tv Inch that part of the dam rested lost practically all of its strength 
and became no better suited for a foundation than a mass of wet 
earth or gritty clay. Seepage through this material probablv in¬ 
creased rather suddenly to a jet of water which, rapidly attaining 
appalling proportions, washed out the softened conglomerate, per- 
muting the concrete to crack and their to be swept out in huge 
blocks, up to 10,000 tons in weight, which were distributed for half 
a mile down the canyon. The terrific swirl of water about the toe of 
the dam undercut the layers of schist at the southeast abutment and 
probabh within a few minutes of the opening of the first breach, the 
entire southeasteiTi end of the dam slid down into the canyon,' the 

largest fragment coming to rest against the toe of the standing 
middle segment.- 


A concrete dam built across the Elwha River on tire Olympic 
reninsula in the state of ^Vashing^on was footed on gravel to save 
inexpected expense when the river alluvium turned out to be far 
leeper than anticipated. The pressure of the water impounded above 
he dam forced water doren through the gravel under the dam and 
ip on the other side, and in a short time a channel was scoured, the 
eservoir emptied, and the dam left hanging in the air. This dam 
ikewise was constructed rsithout a geological investigation. 

A car enrolls limestone was used as footing for tire Hale’s Bar dam 
in the Tennessee River near Chatunooga. This limestone extends 
osvnward for several hundred feet beneath tire river bed. “On 


xcavating for the dam foundation it was found that the limestone 
.as honcMombed with intercommunicating solution channels, some 
if whicli were several feet in diameter and were choked with sand, 
T.rs el, and t obldes. while others carried water under pressure. Exca- 
ation ivas larried sonic distance down into this rock and the foun- 
lation was thoroughlv drilled and grouted, several hundred thou- 
aiul barrels of l einent being pumped into the openings. This honey- 
ombed foundation c aused a delay of several years in die completion 
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of the project and doubled or trebled the cost of constriu tion. i 
even the the injection of several hundred thousand Ikih cIs ct fcnu i 
did not prove adequate to seal the foundation rf>ck (onipleteU. (-‘i 
the cavernous condition continued downward to greaicr dqnln iUau 
were reached by the cement. About eleven years alter the rescrNou 
ailed, leakage below the dam became serious. Efforts to ^toj^ u lo 
dumping in rock, gravel, clav. mats. rags, burlap, cai ix is. ( indt i . < a 
Crete, hav, A\Tecked bedsprings. and even corsets cise^^hcrc a fun 
foundation!) pro\ed unavailing. Sufficient sealing was finalh cti< (ltd 
bv drilling 68 holes to an average depth of 00 feet into the linu stMiK 
below the dam and forcing over 11.000 barrels of hot asplialt dii\. n 
the holes and out into the 0 {>enings in the rock. The present c * ! 
innumerable caves in this limestone was well known to gcolo<ii''ts. 
and the dam would not have been footc*d f»n tliat f<irinaiion had a 
geological investigation preceded consinution. 

Resen oir sites. * In considering the suhic* t tff geologh 
investigations in relation to proposed reservoirs it is vcell to distin¬ 
guish between investigations of the dam site and investigations <*f the 
reservoir site. Geologic work on the dam site is restricted to a small 
area that is to contain the foundation and abutments of the dam. or 
perhaps to se\'eral small areas if there are several pc^sible location^; 
but geologic work on the reservoir site must cover the miuh lar^ei 
area over which the water is to be impounded. From the stand 
point of the geologist the entire problem of reservoir sio s is whciiit r 
or not the proposed basin will be practicallv water-tight. The ansu< r 
lies in the permeability of the rocks forming the walls of the rcsci 
voir and the position of the water table in those rocks. 

Soluble rocks, or those which have high porositv for other re ison^ 
most likely to permit serious leakage. The most scduble r<Kks 
include limestone, dolomite, marble, and g\psum. In some pla((N 
these rocks are alreadv cavernous because of solution hv grrumd 
H-ater. Even where such rocks are not highlv porous, thev have [XMen 
tial porosity because of the possible dissolving action of rescrvmi 
water leaking through cracks and fissures. Bas,ilt and other \oU ann 
rocks may likewise be extremelv permeable because of the presciu < 
of vesicles and other avenues for movement of water. Glacial drib 


» Glenn. L. C. op. cil., p, 108. 

10 Meiiucr. O. FL. op. cit., p. 19. 
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where the water table slopes toward the stream from both sides .i 
appears along the banks of the stream in springs and seepage a,cv 
If ^e water table ascends to a ground water divide that is 1 ledu 
than the flow line of the proposed resersoir there will obv.ouds ..o 
be anv leakage, but ground water will continue to percolate towaul 
the vallev and will seep into the resenoir. ... If m anv dire, mm 
from the reservoir site the ground-water divide is lower than tin 
level of the proposed flow line it will form an undcieroiiiul sp.il- 
wav, over svhich the reservoir water will escape by per. ol.ii ’ ng 
through the inclosing rocks. If the rocks are not vers {xrmeabl, the 
amount of water that will escajae may be negligible, but if the ro. k 
is a cavernous limestone or a broken basalt the water mav 
almost as freelv as it would over a surface spillway. . . . The lo\sci 
end of a reser\*oir is usually the most critical enil. Here the watn i^ 
impounded to the greatest height above the original stream lc\el 
and is unavoidable raised far above the water table. 

Obviously, die proper geological esaluation of a rcser%oir site 

involves a detailed geolo^cal investigation. Bet ause the water ial>U* 

O O ” 

is not only a fluctuating but also a rolling surface, its clev:iii<»n ai all 
parts of the basin and for all seasons of the vear must be determined. 
A single place where the water table is depressed miglii become an 
underground spillway and not only permit serious leakage intf) an 
adjacent drainage basin, but also prevent filling of ilie reser\oii. In 
addition to ground water studies, the surface and subsurface ^eologv 
must be mapped in detail. The character of all ot the formati*ms 
composing the reservoir walls should be known, as well as j>< rtineni 
structural information including the dip of the formations and ilit 
location, if present, of faults and shear zones. 

The possibility that a reservoir mav become filled with silt nnot 
be investigated bv both the engineer and the geologic. Flu forme i 
by means of a river-flow data and analyses of the water, can ( ah ulaie 
the amount of silt now carried bv the streams. Tlie geologist ]>\ a 
critical examination of soil conditions in the drainage basin 

the dam site can to some degree forecast possible changes in the 
amount of silt carried. 

Some power dams on the southern piedmont have Ix^en entirch 
filled and all reservoir capacity lost in two or three decades. Maiiv 
others are partly full. Many of the irrigation reservoirs of the West 
are filling at a rate that will render them useless in 73 to F*3 ve irs 
The Roosevelt, McMillan. Elephant Butte, and others shovs'noi.d.l, 
silung. The reservoir at .Austin, Texas, has silted up more tli.in 'is 
per cent in a l ittle over a decade after it was rebuilt sonic vears a -o 


Meinrcr, O. E., op. ril., p. 23. 
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that the C.olorado River will fill the Boulder Dam 
vear-sd ^ 


esenoir failures are not ordinarilv as spectacular or disastrous 
as dam failures, but nevertheless mav result in tlie complete abandon¬ 
ment of a project, with consequent financial loss. About 35 years a^ro 
the CUV of Seattle proposed to construct a dam across Cedar River in 
the Cascade Mountains in order to impound tvater for both power 
and municipal supply. A committee of geologists and engineers 
called in for consultation condemned the site, pointing out that one 
side of the proposed reservoir was a glacial moraine. Their report was 
ignored, and the dam teas built. But before the resersoir filled com- 
pleteh, tvater suddenl'^ broke out on tlie far side of the moraine, over 
a mile awav and at an elevation 565 feet lotver than tlie level of the 
water in the reservoir, and washed out a railroad grade, a sawmill, 
and a settlement. It is not only desirable to obtain geologic advice in 
engineering projects, but also to heed tliat advice. 


The Jerome reservoir, in Idaho, is situated in a depression under¬ 
lain by several hundred feet of basalt flows. The water table is far 
below the surface, and leakage through the basalt, though the rock 
was protected by a cover of soil 10 feet tliick in places, was so great 
as to cause the abandonment of the reservoir. The Hondo reservoir, 
in southeastern New Mexico, is situated in a natural depression 
surrounded by fairly substantial limestone. Below a surface soil the 
floor is underlain by shale and gvpsum, as shown by drill holes, 
and according to the best information the water table lies about 200 
feet below it. .\fter the reservoir was constructed leakage through the 
cavernous rock beneath it was so rapid as to cause the formation of 
sinkholes in the soil, and tlie loss of water was so great that the 
reservoir was abandoned. 


Bridges. Bridge piers are footed on rock which must 
be adequate both to hold the great weight of concrete and steel and 
to resist the torsional pressure caused by the current pushing against 
the pier and tending to topple it. The foundation r<x:k must also be 
resistant to phv sical and chemical erosion by the water flowing under 
the bridcre. The foundations for the approaches also should be inves- 
tigated to make sure that they can withstand the weight of the struc¬ 
ture and fill. The fill itself must be composed of material that will 


not creep. 

1" Glenn, L. C, op. cit., p. 98. 

le. Rnan. Kirk. ‘*Gcolo<r^- of rescnoir dam sites, with a report on the O^'vhce irriga 
lion oroiecE. Oregon' ; 1. S. Geol. Sunev, Water SuppK Paper 597-A. 1929, p. 8. 
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A few years ago the State Geologist of Mississippi waN ic()urMr.i 
the highway department to pass upon the feasihilits o! 
bridge over the Yazoo River near Va/oo Cats. His iep<fn lo tii* M 
sissippi State Highway Department, after des< i il)ing liu I t i iiaiv ai 
younger formations that make up the river bluffs, states: 


To an elevation of 131.7 feet above the ficKxI j)laiii . . . iht bluil 
consists of clayey material which is most nearly a ious .ii ih' 

top where it is in contact with tlie overlying |>orous viiui .uul 1 

of the Citronelle, itself in contact with the ostiKing I.m - 

The rainwater, transformed into groundwater. d( s<rnd> tlinmgh t!i 
loess and thence through the sand and guisel until it K ultts th 
clay w'hich it cannot penetrate. C onM‘C|uentI\. it must Il(»w ;d(mg 
this clay contact until it reaches the valli v >idc, whicli ^nt^^w<I^ tin 
contact plain. Here the water issues as seeps and 'tprings. Adoul 
ingly, it not only adds its weight to the mass, alnadv in an unstablt 
condition of equilibrium, but also lubricates the uruletUing tlas>. 
making them plastic and extremely slipjxry. Such lontacts of un 
derlying impersious clays and overiving [xjrous Ixds al^^ i\s r< suit 
in landslides, and the bluffs at ^ azocj (,ilv are no ( xcepimn to this 
rule. As a matter of fact some of the loess has alreads sliptK d a*A i\ 
to the very' top of the bluff 21a feet above the \aiU v fiat. u)n< 1> dr- 
veloped a crack in the northwest corner of die coin ri te limd and 
capped city rcsersoir, that pcrmiiKd its waters to |x»ur lorih in a 
roaring torrent—resulting in its abandonment. 

For a half mile or for even a mile, therefore, the ( asK rn highwav 
approach to a bridge at this site would ha\e to lx < onriicit«! o\f r 
a terrace that, in most places, has siipjMd in the past; ih.ii. in sonn 
places, is still slipping uj) to the present niontt tit: ami that, in movt 
or all places, will continue to slip for an indefinite [x ri<Ml. or unwl 
a state of equilibrium is reached in the untold ages ol tie luftin 

u|K)n ans of liie four Md; ^ 

these two spur ridKcs, the wcstenimost side c.t the uesu iii of \Nfii, h 
is the ^azoo Bluff itself, would simply In- to add to iliis 
condition. Undoubtedly it would hasten the initiation ..f ilu %h|. 

p s ^ ^ , lo remove anv of this un>n»lil< 

material and any additional stable material litneath uoul.l aU.. ,lis 

turb the present temfiorary equilibrium and should alv, haM. „ tl.. 

iniuation of slipping. Even though the east pier ol tlu biidi;, .it lll,^ 

site could be seated in the bed rock of clastv. cal.aro.us mul tb, 

construction of fills and the excavation of .uts would luitiate 'l.d.n ■ 

of such ma^tttide as to threaten the pier, as to dissip.,,, ,b. Mi: 

raa In^h^r alignment bv ih, m, 

pact. In short, to construct a main thoroughfare app.oa.h ,|„ 
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Denver. During the construction of the tunnel a series of shear zones 
was encountered in which caving of such magnitude occurred as to 
both delay completion many months and enormousl) increase the 
expense. An illustration has been cited of a railroad tunnel svhich 
was driven through a mountain ridge in Pennsyhania, but which 
bankrupted the contractors. The ridge happened to be an anticline 
with soft shale exposed at botli the portal sites of the projected tun¬ 
nel and acroM the top of the hill between. The contractors, not being 
geologists, ^led to recognize tlie anticlinal character of the rcxks and 
assumed that the shale extended clear through the ridge. Howev er, 
they soon found that the shale was arched up and underlain by a v er> 
hard sandstone through which most of the tunnel had to be driven. 

Highway construction. The modern highway is con- 

^ hills are cut and the hollows 

^ed Road cuts made through solid rock are very expensive. A geol- 

^cal mvesagaaon of a hill in which a cut is anticipated will rLlt 

in ^ accurate forecast as to both the quantity and kind of rock that 

Hill be encounter^ These data can be used in estimating cost and 

ri It IS ^cessive. the geologist may be able to recommend In altema- 
uve and much less expensive routing. 

SIid« from the walk of cuts and adjacent hillsides ate a recnrrinit 

to plan the cut so that the sl^es will be les^^h routing or 

of the material. ^ of repose 

involving excavation. Except for very small Projects 

ineffective. Most control efforts can be classified ’ 
headings: ( 1 ) treatment of unstable slopes 

Which cause the lubricllZ^Tm 

■ioncd in Uto precedir^rTh 

was attempting to do. Another common nm^ '^ '''' 

Ability of cree ping eard. slopes k to ^w 

WwAgar. W. M., Flint R F anH T ^ ^ pl^ntS On 

p. N.. V.*: 
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tlie surfa< e. These serve the dual purpose of increasing soil stability 
with their network of roots and of extracting water from the mantle. 

Consolidation of the unstable material has been accomplished by 
grouting t\ith cement and by freezing the sliding mud. The latter 
method is obviously temporary, but it does permit the uninterrupted 
completion of foundations. It tvas used most successfully during the 
construction of the Grand Coulee Dam in ^Vashington. 

Ground water drainage to stop sliding has been successfully em¬ 
ployed in several places. The common procedure is to lower the 
water table in the vicinity by diversion of surface drainage, pumped 
wells, and e\en by tunnels. One sliding area in California was 
brought under control by forcing warm air through a series of tun 
nels into the clay mass in order to dry it out. 

Still another problem in highway construction is the strength and 
permanence of foundations and fill. It is necessary, of course, in most 
instances to utilize whatever material is available. Fills are made of 
the material either moved from adjacent cuts or lying alongside the 
grade. However, some rocks, particularly certain clays, will not hold 
a concrete slab without sliding. Other types of road material soak up 
instead of draining water, and so alternately swell and shrink depend¬ 
ing upon the climatic conditions. In these cases it is advisable to 
discard local material and to construct the grade with rock brought 
from a greater distance. 

Recently, geologists have been utilized by highway engineering 
staffs to determine the direction of flow of water underground. If the 
direction of the established subsurface drainage is known, it is pos¬ 
sible to place the highway drains where they will do the most good. 
Formerly the drains were indiscriminately placed on both sides and 
through the grade, resulting in much unnecessary expense.’ 

Military use of geology. The peace-time duties of the 

United States Army Engineers include supervision of such public 
works projects as flood control, including the construction of dams 
pounding great reservfiirs, and harbor development. Both con¬ 
sulting engineering geologists of recognized ability and resident 

o-eologists arc employed on the larger projects. 

It was not fully realized at the start of the first World War that 

eologists (ould be of assistance even on the battlefield. The few 
geologists who were attached to the general staffs of the different 
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armies had much prejudice to overcome in regard t'> their \ 
active service, and tliey were in a position to ob>er\e die nianv n. 
lakes broui^ht on bv lack of utilization of geological ad\ice. Die t< 
lowing paragraphs are quoted to illustrate the \ aluc. or at least t! 
potential value, of applving geolog\ to A\ar-iiine acti\ ities of an arn 
in die held during World War I: 



During the great battle of \'eidini a body of troops uas ordered 
to intrench itself on the high plateau of the Cdte> de Meuse. t\cii 
a casual examination of the geologic map would ha\e ^houii that 
the plateau was underlain bv hard limestone \cith less than a toot 
of soil. This material could not be excavated witii the liulu looU 
furnished or even with proper equipment in the time axaiiable. A> 
a consequence there was a large and needless loss ul life. . . . 

In the early part of the war. when transportation latililies were 
crowded to the limit, the British brotiglu road metal from Eniilaiul 
in ignorance of the fact that a geolo'^ist as able to de^iunaie leadiis 
accessible sources in the theater of operations. A responsible offner 
in our own senice made a requisition for filter sand to be traiis- 
poned across the Atlantic, though the geologists of the American 
Expeditionar>' Force had already found localities where such sand 
could be procured in France. . . . 

In our .\rmy many large plants, such as hospitals and fl\ing fields, 
were located without any definite knowledite of the sourtc <»1 i.cedt d 
water. In the British Army, after the first year, no well drilling ;^a- 
permitted without the approval of die geologist in change ot ujiu- 
resource investigations. There was no such rule in the .\nuiuan 
Expeditionary' Force, and many wells \\ere drilled with no atltcjuart 
knowledge of the underground-water conditioru. In nianv inri;.-u> > 
a was not until hospitals or other large plants actuallv had a slion 
age of water that the geologist was called into consullatioii,-” 


The hazards of ivar do not alwavs permit an annv to select the 
terrain on which it will fight. Nevertheless it is CMdent that in a 
region like the Somme the terrain on which battle i> delivered m 
be intepgentlv or unintelligently utilized. UnlortunatcK it h.i. 
pened dunng the great war that a higher officer, eseii a general ul 
ei^neers would sometimes remain blindlv unaware of the sitd 
rdauon of geol.sg.caI structure to the fiohting jxswer of liis arms 
hile his subordinates complained bitieiiv of the wa.i. ,1 eifort .ml 
the unnecessary suffering which such ignorance entailed Du.-.'nit. 

to dram tliem. Tunnels and mines driven at great ewt ..f ,i„u ,nd 
labor were aba ndoned before attaining their object, because a isa.c- 
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bearing zone above or below was tut into and the workmen 
"drowned out/’ Men suffered misery in trenches deep w-ith mud and 
water. And all this when changes ot but a fe\\’ leet in surface lota- 
tion or differences of a few feet in depth of excavation, perfectly 
feasible from the tactical point of view, avouIcI have avoided the 
damage incurred. Even with no change of location, drainage could 
often be effected by sinking in the bottom of the wet trench or dug- 
out a narrow subsidiary trench reaching into an underlying per¬ 
vious formation, or by driving pits or wells down into that formation 
so as to let accumulated waters escape below. AVith the lapse of time 
and at the cost of bitter experience these facts became more and 
more widely known.-^ 


The start of World War TI found the American military organi 
zations no better prepared to utilize geology than they had been at 
the beginning of World War I. This condition existed in spite of the 
wddely known fact that the German army organization included 
geologists on the staffs at all levels. According to the fairly volumin¬ 
ous pre-war literature produced by German military geologists, the 
duties of the general staff geologists and geographers w^ere to guide 
war mineral exploration and exploitation in Germany and acquired 
territories, while the specialists attached to the field armies \vcre to 
advise the combat units concerning terrain, 'water supplies, construc¬ 
tion materials, and allied subjects. It was reported that the German 
Wehrmacht included no less than 600 geologists in the Italian and 

North African campaigns alone. 

Fortunately, during the spring of 1942, the U. S. Corps of Engi¬ 
neers became aware of the latent possibilities in military geology, and 
liason was established with the U. S. Geological Survey which led to 
the establishment of a Military Geology unit in the latter organua- 


tion. Some of the accomplishments of this group have been interest¬ 
ingly described by Saturday Evening Post writer Martin Sommers, 
from whose article the following random paragraphs are quoted; 


This is to report on one of the most interesting and important 

additions to the collective brain of the United 

sired by the Army’s Corps of Engineers, out of the United Stat 

Department of the Interior. An enthusiastic engineer officer once 

calfed it “our Civilian Task Force No. 1.” It consists of a unit of 

around 100 of the ablest geologists-fourteen of them ^ 

combs of one of Washington’s older office piles, they labor night and 

nat„er,el^s o/ ^ Tl orW li ar. American Geographical 
Society, Research Senes No. 3, 1921, pp. 117 119. 
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day at a monumental task of scientific fortunetellinR-the prep..,,, 
tion of detailed reports s.hich, in advance te 1 our assault troops 

the kind of terrain and subterrain they will find when tlits strike at 
objectives from China to the Ruhr, and from Attu to Lu/on. In 
addition, civilian combat teams are chosen from the more iir^Rt tl 
members of the unit and sent out to the battlcRrounds to an.ds/e 
the terrain on the scene, and to check on the accuracy of the erffice- 
bresved reports, so that this tyi)C of military intelligence can be im- 

proved for future operations. 

Here is the broad word picture of what this civilian ta^k fon c docs: 
Working from a topographical map. which })rcscnts the Miilate 
features of an area, and a geological map, a multicolored minor of 
what lies beneath the surface, the scientists tell ihe Annv where to 
find the best sites for airfields, water, soil suitable for road building, 
stone for cement, other construction materials, ami jint aljout any 
thing else the military' planners may desire. In HM2. the gfologisis 
proved that, lacking air pliotos, they could take tho>c two sim|>le 
weapons, the topographical map and the gecjlogical map, and. from 
their knowledge of tlieir science, produce tliirteen volumes of infor 
matton, including about I,000,0(M) useful facts, on North Africa. Air 
photos on North Africa were not obtainable until September, 
too laic for much of the advanced planning for the early Novembf r 
invasion that year. 

Long before the marines hit the beach on Guadalcanal, the Air 
Forces wanted the geologists, then just getting started ni Washing 
ton, to suggest the best possible areas for an airfield site on the 
island. The scientists had no real information—n f( w cxld photo 
graphs of dubious value and snatches of comment from missicm.irii 
made long in the past, constituted the whole. But they went to woil 
at imagining what the soil and water cemditions would be likt . 
basing their frank guesses on data about other islands th.Might to bt 
similar to the Solomons geologically. One clcdudiou vas tbeckfd 
against another until the process became something like a th b.Ue. 
Finally, a site was recommended. It turncai out to imludc hIuu is 
now Henderson Field. The military expressed ungrudging adniira 
tion for a guess made on the basis of no iiitelliui lu t , at a iang( 
10,000 miles. 

The range of the uses to which the geologists’ stieiitifi. .liMUiiigs 

can be put seems endless, judging by rej>orts whifh h.n, I,.,,! 

from the global fronts. In Sicily, American lints being l>.,iMl,ed 

by planes from a hidden German airfield. Our pl.uie, i.nddn i find 

it. .\s a last resort, air intelligence offiters uirnttl in ih,- (,,|jo t||,| 

had been prepared for the Sicilian invasion, will, possil.l, aiifield 

sites neatly indicated. After they checked known fields againsr ,«h 

sible sites, the Luftwaffe hide out was located and lilasu il nui nf 
action. 

When Maj. Gen. Claire Chennault’s Mth Air Kor.e Him 
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established in China, targets had to be vers carefuUy selected be- 
cause the supply of planes, bombs and fuel was limitetL The air 
strategists wanted to make certain that when thev attacked impor¬ 
tant Jap mining installations they would be sure to hit the build¬ 
ings most vital to the production of refined ore. Some of the geolo¬ 
gists are world-reno^-ned specialists on ore deposits. They were able 
to pin-point targets, notably the Fusan installations, the zinc smelters 
at Haiphong, and the Celebes nickel mines- 


those connected with the Military Geology section 
ogical Survey, hundreds of civilian geologists were 
^ental branches, and in private industr>', engaged in 
1 for new supplies of strategic minerals, not only in 
, but also in Canada and Latin Amerir-a Xhar tK^c 


activ itv was successful is attested by the fact that no war production 
or allied militarv campaign was held up for any length of time due 
to lack of mineral raw material. 


photos. 


d to some extent in prospecting 
interpreters of terrain from air 
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Geology in the post-war world. The cessation of hoes- 
tiliiies in 1945 did not produce a lessening in the use of, or demand 
for, geologists. On the contran, the peoples of a bomb-frightened 
world demanded tliat the search for radioactive ores and other stra¬ 
tegic minerals be not onlv continued but accelerated. The author¬ 
ities in this countrv. and no doubt elsewhere, have made a surve\- (in 
which geologists assisted) of all underground openings such as natu¬ 
ral ca\ es and man-made mine workings as possible sites for essential 
industries in future “emergencies." Evers' countrs. and especially 
the I'nited States, drew heavilv upon mineral reserses during the 
war years, and a vigorous prospecting campaign is under way in an 


^uin “The Armv s Pet Propbetsr The Saturday Emtng Fo$X, 
” mV «;prt„,ri bv p™i»ion ol U« Cuni, PobUsUbg 



Engineer ing Projects 

attempt to discover new supplies adequate to take care of rn) 
peace-time domestic demand. 

The utilitarian value of geologv' has been amplv demonstrated 
challenge that now faces the science is that of obtaining equal su 
in demonstrating its cultural values. 
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hurricanes in. 45-46 
minerals in liea< 1) sands, 
phosphate rock in. 243 
Silver Spring. 65 
sinks in. 167-168 
Flowage. 325 

Folds, rock, 2<I0, 295-300 
Foliation. 325 
FcKit wall, 500 
Forest, ice dcsirovcxl. 142 
Formations, rewk. 220 
Fort Feck., Montana, 179 
Foshag. W. F.. 255 
Fotsib. 15. 212, 222 

plant, in coal. 243-244 
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iabbro. 2-'^3. 2SC> 

.allup. New NIevico, :!^4 
•aheston hurricane. -I' 

-aiii:i:e iniiicrals, 27!:*. 2>2 2^:> 

iarne:. 577. 5:^! 

ha>. 

-Jiul ineiamorphism. 522. o25-324 
trnixi \olcanoes. 274-273 
natural. 246-230 
liurtace indication of, 365 
traps. :>al-3:>7 
raveoiis state. 14 
ieiiter counter. 35S 
-eikie. Sir .\.rchi!)ald. 37 
• e<.xle>. cr'-^und water. 73 
rCode>\. 343 

rCiHieiic ol)>er\ ations. 343 
-eolOitical in\estimation, methods of. 6-7 
rcolomical Surve\ and Museum, London, 
22, 2L JOj[202^272. 2^6 
-Ci'Kiaic ohver\acions. 343 

and m.in. 3-6 
and <.)t'ncr sciences, 1 
ilefiniiion of. 1 
di\ision<. 1-2 
hi>toiA of. 2-3 
mditarv u?ie of. 390-394 
mining. 33S-361 
strmaural. 21*1-292 

U-'C: L t. 6 

•enphv<:i..d wS>crvalion<. 313 
■ cv.'r iiN341 

.criuanv. x.jxxUnt region. 216. 240 
-c\'cr'5. ‘vi-ia). 346 
-laciai I’oiaid. 137. 160 

-laciatedi 1 16-130 

laiiatuai. !•‘6 

-lacier Nata-n.d Vark. 7/-^. 1 -^ 7 . 162 
d jl icT'. '' 1. 13.161 

ad^aIuiru "i leccduim- 141-142 

and !.inn.til .u ti\itic'-. lou-l(>4 
and Kind utdi^i.ition. 160-161 
and rl^crs. 139-140 

contincm.d; 

deposits of. 15’>-160 
ero<n>n o^. 1 .>a• I ‘n 


: Cdaciers tCont.): 

(iejwition, 143. 130-135, 133-160 
economic products of. 163 -I *>4 
erosion b\. 144 
lower limit of. 141 
movement of. 139-142, J5-f 
origin of. 139 
rate of flow. 140 
rock. 171-174 

, <cenic. recreational areas, 161-163 

transportation. U4-143 
ivi>es of. I3S-139 

'allev. 13S 

deposits of, 130-133 
erosion bv. 143-1,">0 
■features of. 142-144 
work of. 144-143 
Glaciofluvia! deposits: 

continental glaciers, 159-160 
drift. 130-132 
Glass, rock. 33. 231 
Gneiss. 13. 53. 326. 327 
Gneissic texture. 326 
Gold, 23, 33. 111-112. 279 
in l>each placers. 197 
miner, placer. 255 
quartz vein. 231 
Golden Gate. 201 
Goldthvcaiie. Lawrence. 190 
Gossans, 2S-29, 355 
origin of. 2S 

Gothenburg. N'ebraska. tornado, 48 
Grahen. 30i. 562. 3*36 
Grains, 23 

Grand Canvon. 113-115. 134 
age of. 113-115 

Grand Coulee. 133. J62. 390 
Grand Teton National Park. 147 
Granite. 13. 30. 3?. 283-2S6 

decomposed, in road-building. 375 
weathering of. 20. 22 
Grant. George A.. 2/9. 267, 506 
Grant. IK S.. 1J4. 142. 525 
Graphite. 246. 329-330 

distribution of. 330 
uses of. 330 

Gravel. 22. 112-113, 213 
Carvimctcr. 36S 
Gravitaiive differentiation, 277 

Gravitv. 14. 163-lSO 

fallen material, accumulation of, 

171 

mass movements. 171-ISO 
nature of. I63-I66 
subsidence, 166-171 
Great Barrier Reef, 1S4 
Great Basin mountain ranges, 320 
J Great Lakes, 1S2. 207 
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Great Plains, 33, 36 

dust storms in, 50 
ground water in, 81 
volcanic ash in, 44 
Great Salt Lake, 207, 208, 240 
Great Sand Dunes National Monument, 
Colorado, 40. 41-42 
Greek philosophers, on geolog) , 3 
Greenland, 139 
Green River, 71 
shale, 228 
Grindstones, 233 
Groins, 210 

Grooves, glacial, 153, 156 
Ground moraine: 

continental glaciers, 158-159 
valley glaciers, 152 
Ground water, 55-82 

activity of, results, 68-77 
and ore deposits, 72 
caves, 68-71 
composition of, 59 
conservation of, 81-82 
deposits: 

cementation, 75 
replacement, 77 
drilling for, 80, 81 
erosion, chemical. 71 
for irrigation, 80-81 
geodes, 73 

hot-spring deposits, 72-73 
mineral deposits, 71-72 
movement of, 60-67 
origin of, 55-56 
pollution of, 82 
resersoirs, 56-59, 233 
limits, upper and lower. 58 
soil moisture, 56 
source of runoff, 85 
springs, 62-67 
supplies, 77-82 
prospecting for, 77-80 
use and misuse of, 80-82 
temperature of, 59 
veins, 73 
work of, 67-68 
Gulf Coast, 470 
Gulf Stream, 182, 186 
Gulleys, 124-129 
Gunnison River. 174-175 
Gypsum, 212, 215, 216, 225. 238-241 


Hail, 83 

Halamaumau lava lake. 262 
Hale's Bar dam, Tennessee, 382-383 


Haloids. 11 

Hanging bridge. 134. 

Hanging valleys. 149-150 
Hanging wail, 300 
Harbors, 201. 202 

drowned river valleys, 119 

Ha'*"uian Islands. 255 

congealed lava lake in, 262 
volcanic soil of, 267 
volcanoes in, 260 

Hayes, John Jesse, 4, 26, 2S, 61, 62, . 
69, 97, 103, 154, 156, 163, 111 
270, 273, 295, 296, 300, 307 
332, 333 

Healy River, Alaska, 245 
Heat, and meiamorphism, 322 
Hematite. 223 

Henr> Mountains, Utah, 273 
Herodotus, 3 

Highway construction, 389-390 
Hills. 315 

Himalayan region, landslide in. 1 
Hinds, Norman E. A.. 309 
History of geologv. 2-5 
Hoback River, voining, 121 
Hogbacks. 99, 100-101. 294, 299 
miniature, 104 

Horaestake Mine, South Dakota. 23 
Hoover Dam, 133, 377 
Hornblende, 285 
Homs, glacial. 146, 147 
Horst. 301, 302 

Hot springs. 64. 65-66, 346. 347 
deposits 72-73 
Hudson Bav. |06. 291 
Hudson Ri\er valley, 201 
drowned, 192. 201 
Humidity, and evaporation, 84 
Hurricanes, 45-50 

waves produced by, 185 
Hussey, R. C., 76, 99, 221, 230 
Hutton, James, 5 
Hydration, 20, 24 
Hydroelectric power, 133 
Hydrologists. 78 
Hydrosphere. 14. 181 
Hydrothermal deposits, 276 277-27t 
Hydrothermal solution, 272 
Hydroxides, 11 

I 

Ice, 137-164 

Ice Age. 137. 153. I >5. 159 
Icebergs, 163, 164 
Iceland: 

• 

fissure eruption in, 253-234 
gevsers in. 66 
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Ice ramparts. 20S 

Ice sliects. Nonh American. 153 
Idaho; 

phosphate rock in. 243 
springs in. 62. 65 
Igneous extrusions. 253-268 

central eruptions. 253. 25-1-268 
fissure eruptions. 253-254 
volcanoes, 254-268 {see also Vol¬ 
canoes) 

Igneous intrusions: 

batholiths. 269-270 
contact metaraorphism. 270-272 
mineral deposits, 274-276 
Igneous rocks, 13. 251-286 
basalt. 286 
classification of. 283 
extrusions (see Igneous extrusions) 
formation of, 252-253 
four varieties of, chart. 284 285 
gabbro, 285. 286 
granite, 285-286 

intrusions (see Igneous intrusions) 
rhvolite. 286 

rock glass, natural. 283-284 
solid cnsialline, 284 
texture of. 269 
unconsolidated. 283 
classification of, 276-283 
hvdrothermal. 276, 278-283 
magmatic, 276-277 
pegmatites. 276. 277-278 
various tvpes of. 272-274 
India, 197, 331 

Deccan Plateau, 254 
Indian Ocean. 34 
Inside passage. 205 
Instruments: 

geophvsical. 368-370 
prospecting, 357-358 
International Salt Company, 239, 240 
Intrusion, defined. 253 
Intrusive rock. 253. 268-283 
Indio Hills. California. 303, 331 
Iron ore. 22. 29. 223. 283 
bog. 242 

mining. 0 [)cn pit. 32 
oxidized. 31 
sexiimentarv, 225. 242 
Iron oxide. 216 
Irrigation. 80-81 
Islands. \oIcanic. 254. 266. 267 
Italv, Carrara, slate in. 329 

J 

Japan, volcanoes in. 254 
Japanese Current. 182. 186 
J.apanesc earthquake tl923) . 311-313 


Jasper National Park, 162 
Java, volcanoes of, 267 
Jewel Cave, 70 
Johnson, Douglas. 199 
Johnson. W. D., 2S2 
Johnstown flood, 130-131 
Joints, 20, 290 

Joplin district, Missouri, 71-72 
Juneau, Alaska, landslide. 177 

K 

Kamchatka Current. 182 
Karnes, 160 
Kansas. 72 

•natural bridge in, 169 
Rock City, 75, 76 
rolling topography, 157 
slumped land, 169 
Kansas Geological Suney, 757, 235 
Kaolinization, 24 
Karst topography, 168 
Kaunga, Belgian Congo, district, 33 
Katmai volcano, explosion of. 259, 266 
Keene’s cement. 241 
Kelly Slide, 179 
Kennicoit Valley, .XJaska, 173 
Kentuckv: 

Mammoth Cave, 70, 71 
sinks in. 167-168 
Kettle holes, 168-169 
Keystone View Company. 48, 256 
Kilauea volcano, 255 , 2W-261 
Klondike gold rush, 111 
Knik River, .\laska, 130 
Kodiak Island, 259 
Kootenai National Park, 162 
Krakatoa volcano, 36 

explosion of, 184, 258-259, 266 
Kramer, Thomas. 132 

L 

Labrador Current, 182 
Laccoliths, 273 
Lagoons. 205 
Lake Agassiz, 161, 207 
Lake Algonquin, 207 
Lake Bonneville, 207. 208 
Lake Chelan. 148. 163, 206 
Lake Ellen Wilson. 146 
Lake Huron. 182 
Lake Lahontan, 207 
Lake Louise, 162, 163 
Lake Michigan, 182 

sand dunes near, 40, 41, 42 
Lakes. 181-183, 205-210 

and glacial activitv. 163 
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i^akes (Coni.): 

clastic material in, 214 
composition of water, 206 
depths of, 206 
distribution, 205'206 
due to landslides. 179 
ecDDOfnic products of, 182 
effect of, on climate, 182 
intermittent, 206 
moraine, 160 
peat-611cd, 209 
prehistoric, 207 
salt, 206-207 

shore erosion control, 209-210 
temporary, 205 
Lake San Cristobal. 175 
Lake Superior, 207 

Lake Superior region, copper, 279, 281 

Lake Winnipeg, 161 

Lamarck. 3 

Laminae, 220 

Landes, Henry, 20, 141 

Landes, Renncih K., 135, 168, 236 

Land forms: 

desert, 101-102 

resulting from differential erosion, 
98-101 

Landlocking. 196 
Land mass, dissection of, 115-119 
Laodriidcs, 171, 176-179, 389 990 
and earthquakes. 177-188 
differentiated from flows, 176 
occurrence of, 176 
topography after, 178-179 
Land utiliiation, glaaers and, 

160-161 

Lateral erosion, 88 
Lateral moraines, 143, 144 
valley glaciers. 152 
Lateral secretion, theory of, 279 280 
Lattices, 10 
Lava: 

congealed. New Mexico, 260 

flows. 58 

ropy or pahocfaoe, 262 
acoriaceous. 260 
swings from, 65 
tunneb in, 166 
vcsknlar. 260 
vreatbering of, 20 
Lcacliiag, 25 

-LcmI" (girapbite) in pendU. 330 
Ixadville, Colondo. 353, 358. 350 
Lee. W. T.. 120 
Ixhwan Cave, 70 
Levees, 110 

Lewis and Clark Cavern. 70 
Lignite, 246 


Limestone. 212. 223. 225 . 254 238 
colors of, 236 
dense. 58 

porosity of. 237 
shrils in. 235-236 
uses of. 237 238 
wells, acidizing. 238 
Limestone caverns. 57. 68, 69 
Limestone deposits, 216 
Limestone regions, 167, 168 
Limoniie, 29, 75. 223 
Luka. Alex. 456 
Lichifaction. 217 
Liihihcation, 211 
Lithosphere, 14-15, 211, 217 
Liverpool Harbor. 201 
Lode, 282 

prospecting. 354-357 
Loess. 43-44 

distribution of. 43 
in highway cut. Ransas. 44 
Los Angeles aqueduct, 574 
Lower California. Black Butte, 267 
Lycll, Sir Charles. 4. 5, 41 
quoted, 253-254 

M 

MacDonald Lake. Canada, 304 
Mackinac Straits. Michigan. 169-I7t 
.Madagascar, graphite in. 330 
Magmas. 10. 251-252. 329 
Magmatic deposits, intrusive igneoc 
276-277 

Magmatic w'ater, 56. GO 
Magocsilc, 238 
Magnetooteter, 357, 368. 370 
Malm Gulch, Colorado. 233 
Mammoth Cave. 70. 71 
Man: 

and running water. 124 136 
geokjgs and. 5-6 
glaciers and. 160-164 
volcanoes and. 267-268 
Manganese. 29, 531 
oxidued, 52 

Maps: 

geologic, 6 

mining geologv. 358-361 
Marble. 13 14. 327 . 529 
Marginal teas. 189 
Marine deposits. 214 
Martha's Vineyard. 203 
Martinique. Moot Pel4r. 255. 259 
Massachiisrtu: 

Oinion, glaciated rock at. 15* 
drumlin in. 158 
Princeton. 159 



Mass rno\cmenc>. 171-1^0 

179 - 1^0 

romhatin^. meihoiis of. 179 
creep. 171-174 
l.indvlidcs. 171. 17^^-179 
rapid flo^^as^e. 171. 174-176 
t\pe> of. 171 

Nfaterials sur\ev?. o72-375 
Mauna Loa ^OlCano. 260 
Mearidei'i. 9:i. 109-110 

entrenched. 121-122 
Nfedial moraines. 143 
Nfedicine Lod^e. Kansas. 49 
Meinzer. Oscar E.. 63 
Mer de Glace. 140 
Mertie. J. B.. Jr.. 21S 
Mesas. 99. iOO. 320 521 
origin of. 10? 

Meiacrvsrs. 527 

Meraniorphic rocks. 15-14. 521-329 

pro>]'>eriincr for ore in, 561-362 
table. 527 

\ariecieN of. 326-529 
Metainorphisni. 321-329 
agents of. 522-324 
contact. 270-272. 322 
dvnamic. 321 
regional. 322 
results of. 324-326 
static, 321-322 
Meteoric water. 33 
Meteorites. 342-343 
Meteors. 342 

Mexico, graphite in. 330 

Mica. 27S. 327 
Michigan: 

ancestral Great Lake, 209 
copper in. 364 
Mackinac Straits. 169-170 
salt production in. 239 
Lni%ersit\ of, campus. 221 
Michigan Geological Sur\ev. 209 
Mid-Continent. 370 
oil in. 23>. 36') 
salt depo-^ic in. 239-240 

Milhara. W. I.. 

Military use of 2 eolo■J^. 390-394 
Miner.iloiii't. 2 
MincraN. 10-12 

das'ifir.uion of: 
chcmic.d. 11-12 

CKtiirrent-C and iiiili/ation. 12 
dej-X^siis: 

classification of. 351 
formed bx weatherinj:. 2^. 29 
<;Tomid .Iter. 71/2 
iitne«>UN inirii'‘ion<. 2/4 2 > 
of volcanoes. 2i5iv26/ 


Minerals iCont.) : 

search for, 351-371 
^angiie. 279. 282-283 
in beach placers. 197 

material, marine organisms tha' 
secrete. 184 
ore. 279. 282 
patterns of, 10-11 
Mineral waters. 39 
Mining geologw 338-361 
Mississippi River. 192. 211 
della of. Ill 
floods. 131 
loess in. 43 

Mark Twain on. 109-110 
tributaries, boulders rolled bv. 90- 
91 

Valiev: 

lead-zinc deposits in. 71 
sand dunes in, 42-43 
Missouri River ^*allev: 
after Ice .A^e. 133 
Joplin or Tri State district in. 71 
loess in. 43 

Mitchell, Guv Elliott. 17$ 

Mixtures. 9 

Moffat tunnel. 388-389 
Moffit. F. H.. 173. 298 
Moisture, soil. 56 
Monadnocks. 105 
Monazite. 197 
Monocline. 293. 296 
Monsoon winds. 34 
Montana: 

Butte district, batholiths in, 269 
Fort Peck. 179 
Glacier National Park. 162 
Lewis and Clark Cavern, 70 
phosphate rock in, 243 
Mont Blanc, 140 

Mont Pel^. explosion of, 255. 259 
Monument Park, Colorado, 102 
Monument Valiev. 101 
Moon. 342 
Moraine lakes. 160 
Moraines. 143. 152. 157-159 
Mother Lode. California, 279 

Mountains. 15. 315-321 
chains. 318-319 
faulted. 319-320 
folded rcKk. 317-319 
of butte and mesa tvpes, 320-321 
origin of. 313-316 
rejuvenated. 316. 318 
vTilcanoes. 316-317 
wind gaps in. 98 

Mount Gould. AVyoming. 747 
Mount Hood, volcano. 255 
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Mount Ratmai volcano, -\laska. 27a 

Mount Lassen, 255 

Mount Ma'on. Luion, 2y6 

Mount Mazama wlcano, 26S 

Mount Rainier wlcano, 161, 2.>5, 25/. 

316 

glaciers on, 138 

Mount Shasta volcano. 7^/, 255, 257, 316 
Mud cracks. 221. 291 
Mud Rows. 174*175 


N 

Nashville, Tennessee, reservoir at. 379 
Natkxial Park Serv ice. I - S. Deparunenl 
of the Interior <see I'- S. Ilcpart- 
nicni of the Interior) 

Namial bridges. 71. 169 

Natural gas. 246-250 

Nebra^La. wind erosion in. 52 

Nevada. Lehman Cave. 70 

New England, batholiihs in. 26S 

New England hurricane, 46-47. 189-190 

Newfoundland. 353 

New Jersev . Franklin. 331 

New Mexico: 

Acoma. mesa. 100 
Alamillo Creek, 271 
Cabeaon Peak. 120 
Carlsbad Caverns. 70. 74, 75 
lava Sows in. 260^ 26S 
Pecos River. 116 
sand dunes in. 40 
Ship Rock. 275 
sinks in. 166. 167 
New Orleans. Ill 

New York, salt production in, 239 
New York Harbor. 201 
New Zealand, gevsers in, 66 
Niagara Falls. 96 

graphite made at. 330 
Nichols, Robert L. 190 
NOe: 

delta, 3, 37, 111 
floods. 130 
Nome. Alaska: 

gold in beach sands. 197 
scries of beaches, 200 
Norris Dam, 133 
North America: 

average height of, 106 
vtdeanoes in, 2S4 
Norway: 

dayMides. 175 
fioi^ 201 
I^Mcrs. 138 


O 

Obsidian, 231 

Ocean l^asins. 14-13. 291 

Oceans. 14. 181-205 

clastic maierijl in. 214-215 
composition of. l>5-lvt 
currents. 184. 186 
deposition, 188, 193-196 
deep. 197 
depths. 185 
distribution. 183 
economic products of. 182 
effect of. on tliniaie. 182-183 
erosion. 186 1^*7 
erosional fe:iturcs. 1J*9'192 
life in. 184 
role of. 181 
shorelines. 189-192 
a^e of. 

tides. 184. 186 

transportation of materiaU. 1< 
vertical fluctuations of sea 1 

198 202 

water, movements of. 184-187 
waves. 184-186 

Ohio: 

grindstones from. 233 
salt production in. 239 
Ohio River: 

floods, 131 132 
Upper, after Ice Age. 155 
Oil. 246. 250 

crude. 247 
from pool. 167 

j from shale joints, 293 

j origin of. 247-248 

! surface indication of. 36.5 

i theories re. 247-248 

I trapping of. 230 

: traps. 351-337 

Oil-6nding. science of. 564-571 

Oil shale. 223 

Ojai. California, 297 

Oklahoma. 72 

Olivine, 285 

Ontario: 

gold ami silver ores in. 279 
lakes in. 163 
Oo/e. 198, 235 
Ore depcKiu. 279, 282 

and ground water aettvitv. 72 
prospecting for 352 361 u^e 
Prospecting for ores) 

Oregon: 

glaciers in, 139 

gold in beach sands. 197 


Oregim {Cont.) : 

Mount Mazama volcano, 263 
Oregon Cave, 70 
\ an port. 132 

Organic deposits, table, 225 

Organic sediment, 211 

Outuash plains. 160 

Overgrazing. 128. 130 

Owachomo Natural Bridge, Utah, S8 

Oxbow lakes. 115, 116 

0\Ik)ws, 109 

Oxidation, 19, 24 

Oxides, 11 

Oxidized iron ore, 31 
Oxidized manganese ore. 32 
Oxidized uranium ores, 32*33 
Oxygen salts, 11 
Ozark upland, 27 


p 

Pacific Ocean: 

coral islands. 184 
depth of, 183 
Paleontologist, 2 
Paraffin. 247 
Paricutin volcano, 255 
Peat. 243. 246 
Pebbles. 233 

Pecos River, New Mexico. 126 
Pegmatites, 271-272. 276, 277-278 
Peneplain. 105-106 
Pennsvlvania: 

coal in, 246 

Johnstown flood, 130-131 
slate in. 329 
Petrifaction. 77. 222 

Petrifietl Forest National Monument, 77 
Petrographer. 2 
Petroleum. 246-250 

com|x>sition of, 247 
distribution of. 250 
prospecting for, 364-371 
Phosphate rock, 212, 243 
Phvsiographer, I 

Picands, Mather, and Company, 32 

Pictimont glaciers. 138 

Piggol, Charles S.. 198 

Pike’s Peak. Colorado. 99, 269 

Pillar, calcitc. 75 

Piracv, running water, 96-98 

Placer deposits, 45. 111-112 

Placer prospecting. 353-354 

Placers, l>each, 197 

Plains: 

Great (see Great Plains) 
outwash, 160 


Planation. 88. 93. 108 
Planets, 342 

Plants, sediments of, 216, 217 
Plaster of paris, 241 
Plasticity. 227 
Plateau; 

dissection of, 203 
glaciers. 138 
Platinum. 112, 277 
Platte River. 91 92 
Playfair. John, 5 
Pliny, 257-258 
Plucking, glacial, 144 

Point Firmin, California, landslide 
176. 277 
Pompeii, 258 

Popocatepetl volcano, 317 
Porphyry . 284 

coppers. 72 

Portland cement. 228, 237, 241 

Potash, 212 

Potholes. 92, 96 

Power, water, 133 

Precipitated sediment, 211 

Precipitation, 10. 83-84, 215 

Prentiss, Arthur, 270 

Pressure, and metamorphism, 322-323 

Princeton, Massachusetts, 159 

Prospecting: 

and mining geology, 358-361 
for coal, 362-364 
for oil, 3W-37I 
for ores. 352-361 
in metamorphic rocks, 361*362 
instruments, 357-358 
lode, 354 
placer. 353-354 
surface, 352-353 
Puget Sound. 119, 201, 205 
Pumice. 257 
P\Tite, 327 

Q 

Quartz, 231 

in sandstone. 231-232 
sand dunes, 40 
Quartzite, 58. 231, 327-328 
Qiiartzitic conglomerate, 224, 234 
Quebec. 163, 175, 279 

R 

Radium, 32 
Rain, 83 

acidic, 259 

Rainfall, rate of, and runoff, 85 
Rainy Lake, 161 
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Rand gold district^ South Africa, S47, 
364 

Rapid flowage, 171. 174-176 
Rapids, 94 

Reactions, chemical. 10 

Recessional moraines, of continental 

glaciers. 157-158 
Recharging aquifers. 81-82 
Recreation: 

glaciers and, 161-163 
ri\'cr5 and, 135-134 
Recn^tallizaiion. 324 
Red River Valley, 161 
Reeds, Chester A., 71 
Reefs. 216 217 
Reforestation, 132 
Rejuvenation. 120 
Replacement, in veins. 280-281 
Reservoir rocks, 212 

closing of, 332-333 
oil and gas in, 331-337 
Reservoirs: 

closed, 332-333 
^lures, 384, 386 
ground water. 233 
RcKTVoir sites, 383-386 
Residual day, 29 
Residual mantle, 26 
Retainers, 56-57 
Rhine River, 306 
Rhine valley, loess in, 43 
Rhode Island, shoreline changes in, 190 
Rhyolite. 285. 286 
Rickard. T. A.. 353 
Rinehart, Allan. 189 
Ripple marks, 221 

current, 222, 223 
Ripples, 40-41 
Riprap, 373 374 
Rivers: 

clastic material in. 214 

drowned valleys of, 119. 201 

cskers. 160 

in Bood, 89 

piracy, 96-98 

systems, 83, 86 

use of, 133-134 


vdocity. and erosion, 87 
Riviere Blanche, Quebec, 175 
Road-building. 374-375 
Roches moutann^rs, 153 
Rock and Spindle, 274 
Rock benches, 100 
Rock City, Kansas, 75 
Rock Creek. Washington, D. C., 
Rock flour, 159 

formation, cycle of, 329 


Rock glaciers, 171-174 

description of. 174 
recognizing, 172-173 

Rock glass. 251. 283-284 
Rock phosphate, 212, 243 
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acidic, 284. 285 

and ground-water reservoirs, 

basic, 284 , 285 

compaction of, 167 

container. 56 

folding of, 290 

granular, 57 

homogeneous, ground-water 
58-59 

igneous, 251-286 (see also I 
rocks) 

metamorphic (see Meiamor|: 
rocks) 

perched or balanced, 159 
porosity of. 56 
rescnoir, 249-250 
retainer. 56 

sedimentaiy', 211-250 {see 
mentarv rocks) 
slide. 23 
toadstool. 102 
types of, 13-14 

weathering. 19-33 (see also ^ 
Cling, rock) 

Rock structures. 291-307 
faults. 300-306 
folds. 290, 295 300 
joints. 290. 292 293 
tilted rocks. 290. 293 295 
unconformities. 306-507 
underlying, of streams. 119 

Rocky Mountain National Park, Ce 
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Rocky Mountains. 123, 319 
ground water from, 81 
springs in. 63 
states, volcanic ash in, 44 
Roman philoaophers, on geology, j 
Rosa. C. P.. 233 
Rotation of crops, 123 
Running water. 83 136 
deposition, 91-92 
icsolu of. 106-113 
erasion, 86-89 
rcsulu of. 92 106 
»il. 124-136 
run-off, 84 
course of, 85-86 
source of, 83 85 
transportation U sediment, J 
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St. Francis dam. California. 378. 381-382 
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Saline waters. 59 

Salt. 212. 215. 216. 225. 238-241 

Saltation, transportation bv, 89-90 

Salt dome. 332. 333 

Salt lakes. 206-207 

Salt mines. 239, 240 

Salt plugs. 240. 332, 333 

Salt springs. 239 

San Andrews fault. California, 302. 303 
Sand. 22. 224. 233 
Sand deposits. 112-113 
Sand dunes. 38-43 
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distribution of, 38 
in Imperial County, California, 39 
migrating. 39. 41 
ol)struction. 38-39 
ripples of, 40-41 
shapes and sizes, 39-40 
Sand-paper, 331 

Sandstone. 57. 212. 223. 224. 228-233 
as building stone, 232-233 
cementing sul)stances, 231 
colors of. 232 
Dakota, 294 
distriljution of. 231 
|>orositv of. 232 
shale with. 230 
uses of. 232-233 
San Francisco Bav. 119. 201 
salt from. 240 

San Francisco earthquake (1906) , 314 
San Juan Ri\er. 122. 297 
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40. 41-42 

Santa Fc Springs oil field, California, 334 
Satellites. 342 

Saiuraied zone, percolating water, 58 

Scandinavian Peninsula, 287 

Scenic areas. 161-163 

Schist. 13. 326, 327. 330 

Schistose texture. 326 

Schoewc. \V. H., 44 

Scotland: 

Island of Arran. 272 
oil shale in, 228 
Scouring rushes, living. 380 
Srulnturc. wind. 37*38 
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Sea level, 181 
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\ertical fluctuations of, 198-202 
Sea walls, 209-210 
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Sedimentary rocks. 13. 211-250 

age of, 222-223 

classification of, 224-226 
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cross-bedding, 219, 220-221 
deposits, 213-217 
chemical. 224, 225 
clastic, 224 
. organic, 225 
lithifaction. 217-218 
mud cracks, 221 

ripple marks. 221, 222, 223 
source of, 212-213 

stratification, 218-220 
transportation, 213 
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clastic. 214-215 
dissolved, 215-216 
of organic origin. 216-217 
stratification of, 106 
Seismograms, 314 
Seismograph, 314, 368-370 

refraction method, 370 
Seismograph Service, 369 
Seismologists, 346 
Seismologv , 313-315 
Seldovic Bay, Alaska, 325 
Semi-anthracite coal, 246 
Seneca, 3 

Shale, 24, 223, 224, 226-228, 328 
friability of, 227 
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industrial uses of, 227 
oil. 228 

Sharpe, C. F. Stewart, 175 
Shear zones, 379-380 
Sheet wash, 86 
Shellfish, 216, 217 
Shelling off, 25 
Shells, in limestone. 235-236 
Ship Rock. New Mexico, 273 
Shore currents, 186 
Shorelines, 189-192 

physiographic age of, 202-205 
Shoshone Cavern, 70 
Sicily, sulphur in, 241 
Sierra Nev'ada Mountains, 319 
Signal Hill oil field, California, 333 
Silica, 75, 215 
Siliceous ooze, 198 
Siliceous sinter, 225 
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Sill, 214. 224 
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fnabilUy of. 227 
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Silver Spring, Florida, 65 
Sinks. 71. 166. i67. 168 
Slate, 13, 327. 328. 329 
Sleet. 83 

Slickensides. 303-304 
Slide rock {see Talus) 

Slope, and runoff. 84 
Slumgullion mud flow. 174-175 
Slumping. 166 
Smith. Paul A., 193 
Smith, P. S.. 245 
Snake River, 207 

springs near. 65 
Snow. 83 
Soil. 27 
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cause of. 124 
control of, 125-129 
effects of, on mankind. 124-133 
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mature. 27 
moisture, 56 
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transportation by. 91 
Solution weathering. 25-26 
Soundings. 192 
Source rocks, 248 
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Rand gold district, 347 
South America, volcanoes in. S 
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Jewel Cave, 70 
Wind Cave, 70 
wind erosion in, 53 
Southwest: 

desert land forms, 101-102 
mesas and buttes in, 321 
Spanish Peaks area, Colorado. 9A 
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Spas. 59, 67 
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116, 117, 118, 122, 148, 16. 

177, 195, 196, 208, 267, 27 
297, 298, 299, 303, 334, 33t 
373, 377 
Spits, 194-196 
Springs, 62-67 

artesian, 62-63 
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mineralized. 66-67 
size of, 63 
warm. 64 
Spurs. 148 
Stalactite. 73 
Stalagmite. 75 
Stars. 541 

Stassfurt region. Germany. 216. 24 
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Steno, Nicholas, 3 
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Stewart, John Q., 47 
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changes in lc\-cl. 119-122 
dissection of land mass. 1 
origin, 118-119 
underlying rock structure, 
consequent, 118 
development of, 113-115 
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rejuvenated. 120 
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Slriations. glacial, 153 
Structural geologs, 291-292 
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ground water* 73 
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coal in. 246 
natural bridge in. 169 
Voids, 57 
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distribution of. 44-45 
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Wind gaps, 98 
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dust storms, 50-51 
erosion, controlling. 52-54 
hurricanes. 45-50 
local, 33, 34 
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